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The vast oceanic living space on our planet is occupied by zooplankton
species long assumed to be widespread and genetically undifferentiated across
their species range. Recently, however, data from sensitive DNA-based
molecular markers has shown that many cryptic species exist in the sea and that
marine zooplankton species may be more genetically structured than previously
thought. In the oceanic environment, the deep-sea appears to be particularly
homogeneous with few observable barriers to gene flow and it is also less
studied . DNA-based investigations of genetic diversity in the deep-sea are
needed to help determine the spatial scale over which species and populations of
zooplankton exist in that environment and consequently to inform our
understanding of oceanic biology.
xvi

In this study, gene sequencing and microsatellite analysis were used to
test the hypothesis that populations of the deep-sea, cosmopolitan , zooplanktic
shrimp Acanthephyra curtirostris (Caridea: Oplophoridae) show genetic diversity
within the northeastern Pacific. Tissue samples were collected from two
populations off California and one population off Hawaii. Sequence analysis of
individuals sequenced for a 635 bp of the mitochondrial COi gene, and a
population survey using two microsatellite markers developed for this study,
detected substantial genetic diversity among the sampled locations. Unique
mitochondrial haplotypes were detected in the Hawaiian population and
sequence divergence between the Californian and Hawaiian samples was 3.8%.
Microsatellite analysis also revealed genetic variation. Pairwise F5 rfRsr values
between all three of the populations were significant showing the presence of
moderate population genetic structure even over relatively small oceanic scales.
The lack of genetic homogeneity among geographic populations of A. curtirostris
provides further evidence that genetic cosmopolitanism is not a valid concept for
many species of marine zooplankton and cannot be assumed - even in the deep
sea.

xvii

Microsatellite sequence obtained from A. curtirostris revealed additional
information about the nature of microsatellite arrays in decapod crustaceans. The
microsatellite repeats isolated from A. curtirostris - the first reported from a
caridean shrimp - were found, like those in other decapods, to be abundant,
generally long, and extraordinarily complex when compared to other
microsatellites reported in the literature.

xviii

CHAPTER 1
GENERAL INTRODUCTION
The Ocean Environment

Nearly 71 % of the Earth's surface is covered by the oceans. Ninety
percent of this surface lies beyond the shallow margins of the continents and
most of it is under two kilometers or more of water with the depth of the oceans
averaging about 3,800 meters. The deep-sea bottom, then, constitutes the most
typical surface environment on the planet and its inhabitants are the most typical
surface dwelling life forms. In addition, there is a huge amount of threedimensional living space in the ocean water column creating the immense
pelagic environment, which is by far the largest living space available on earth.
This large space is occupied by a great variety of organisms, which again, with
some justification due to the vast extent of their habitat, can be considered to be
among the most typical kinds of organisms on the planet. Pelagic organisms, on
the whole however, are not considered by most people. In fact, a majority of
people are essentially unaware of their existence. Even biologists have
somewhat neglected the pelagic environment, due, of course, to the
impracticalities of studying pelagic organisms which live in an environment very
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different from or own. This neglect is particularly true for those pelagic organisms
found in the deep sea. The fact remains, however, that taken together, the
oceans form a huge interconnected living space of saline water without any solid
barriers and that this is the most typical and widespread living environment on
our planet. This vast three-dimensional space can be broadly divided into a
neritic (coastal) zone and an oceanic zone. The oceanic zone is far more
extensive than the neritic one, and the majority of the oceanic space consists of
the deep ocean environment (Childress, 1995).
Zooplankton

It has long been known, at least since the time of the Challenger Expedition of
1873-76, that the extensive space of the oceans is well utilized by an abundance
of animals, both zooplankton and nekton. Marine zooplankton include all animals
that are powerless - to a greater or lesser extent - to swim against prevailing
water movements. This does not mean that marine zooplankton are poor
swimmers. Indeed, many zooplankton species are very active and can swim at
substantial speeds relative to their body size. However, the small size of
zooplankton or, especially in the case of larger zooplankton, their limited
swimming capabilities means that the most important element in their horizontal
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motion through the water column comes from movement of water currents. The
larger, fast swimming species in the ocean are known as nekton. There is no
clear division between plankton and nekton. Some groups of putative
zooplankton, such as pelagic shrimps or small squids, have considerable
swimming abilities and may well be able to swim against prevailing water
movements. Organisms in these groups are sometimes referred to as
micronekton or macrozooplankton and are treated as both plankton and nekton.
Zooplankton can be categorized on the basis of several characteristics.
These include their size, habitat, depth of distribution, and length of planktonic
life (see Omori & Ikeda, 1992). Species of marine zooplankton can be classed
as neritic (living in water overlying the continental shelf) or oceanic (living in
waters beyond the continental shelf). The oceanic zooplankton are frequently
grouped based on depth distribution into epipelagic (surface water), mesopelagic
(midwater), and bathypelagic (deep water) zooplankton. Marine zooplankton
also fall into two major categories based on the amount of the life cycle spent in
the planktonic environment. Some species, known as meroplankton, live as
plankton tor only a part of their life cycle, for example as an egg and/or larval
stage. The permanent members of the plankton are known as holoplankton and
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are planktonic during their entire life. The primary concern in this paper is with
holoplanktonic species.
Biodiversity in the Sea

Biodiversity includes all variability in the natural world, at all scales in time
and space, and at all levels of organization including variation within species,
variation among species, and variation among ecosystems. There is obviously
considerable biodiversity within the oceans - a number of different environments
and organisms - yet there has been a longstanding trend toward recognizing an
increasing amount of biodiversity in the sea.
Biodiversity in the sea has been traditionally regarded as low, particularly
in the pelagic environment (Heitman et al., 1997). The idea that biodiversity in the
marine environment is somewhat lacking compared to terrestrial habitats likely
derives from ignorance due to a land-based bias - although arguments based on
supposedly greater environmental heterogeneity and structural complexity on
land, on the greater age and phyletic diversity of marine environments, and on
differences in patterns in herbivory and species-size relationships have been put
forward (Fenchel, 1993; May, 1994). For example, the deep-sea was originally
thought to be abiotic (Mills, 1983). Then, as some organisms were discovered in
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this supposed lifeless or azoic zone, it was thought that the deep sea was a sort
of refugium or museum with a few relictual species. Much more recently, in the
last half of the 20th century, the deep-sea was recognized as being much more
diverse than anyone had previously thought with many different species present
as well as environmental variation (see Sanders, 1968; Shih, 1979; Gibbs, 1986;
Grassle, 1989; Grassle & Maciolek, 1992; Gage, 1997).
It has not merely been the discovery of more new species that has
increased our awareness of the extent of marine biodiversity but also the
realization that many of the known species may actually consist of groups of
unappreciated cryptic species. These cryptic species include sibling species,
which are species that are difficult or impossible to distinguish based on
morphology alone yet which are identifiable from genetic, biochemical, behavioral
or ecological characters (Mayr & Ashlock, 1991 ), and pseudo-sibling species
which are species that appear, at first glance, identical but which are easily
distinguishable morphologically once the appropriate morphological characters
are considered. A well-known review by Knowlton (1993) has called· attention to
the idea that many unrecognized sibling and pseudo-sibling species may exist in
the marine environment, and that the broad habitat and geographic distributions
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that seem to be characteristic of many marine species require re-evaluation in
this context. Thus, many of the marine species presently thought to be of very
broad distribution may indeed be complexes of sibling or pseudo-sibling species.
A search for unrecognized sibling species complexes should be particularly
worthwhile in the seemingly limitless oceanic environment where widespread
species distributions are common. Furthermore, the oceanic domain, particularly
the deep sea portion, is likely to have many unrecognized sibling or pseudosibling species since it is not as well studied as is the coastal environment (Gage

& Tyler, 1991; Knowlton, 1993; Miya & Nishida, 1997). This suggestion that more
species are present in the oceanic environment than has been fully realized is
not new (Shih, 1979; Gibbs, 1986). What is possibly more novel is the realization
that failure to recognize sibling and pseudo-sibling species results in bad marine
science, both basic and applied. In her influential review Knowlton (1993) argued
that "sibling species are rife in marine environments, and that failure to recogn ize
them cripples evolutionary and ecological understanding of the sea". As an
example of this, consider that widespread morphological similarity superficially
suggests a very broad species range, high levels of gene flow, few barriers to
dispersal, a dearth of allopatric speciation and, therefore, a greater probability
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that other modes of speciation have contributed significantly to marine
biodiversity (see Palumbi, 1992; Angel, 1993; Waples, 1998). If, on the other
hand, such putative widespread species are instead complexes of unrecognized
species, then the above conclusions are unwarranted. The efforts to recognize
sibling species in the marine environment continue to be relevant and are in fact
an important current focus of marine molecular studies. As such, the need for
biodiversity research in the oceanic environment, especially the deep sea, can be
seen as crucial to a correct understanding of oceanic biology. It is important to
know whether there are many localized species in the oceanic environment or
whether there are instead only a few widespread species in each taxonomic
group.
Another aspect of biodiversity is that of within-species variation. Here
again, there has been a trend of recognizing increased levels of biodiversity and
the established paradigm that widespread marine species should show little
spatial variation or genetic structure is being questioned. Biological
oceanographers and marine biologists have traditionally thought that populations
of holoplanktonic organisms, as well as benthic organisms with a long planktonic
larval phase, disperse over large spatial scales in the vast interconnected ocean
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space which seems to lack natural barriers. Consequently, such zooplankton
species are expected to have little or no population genetic structure due to
panmixis (random interbreeding). Although early field studies in marine
population genetics supported this view, a large number of studies are now
suggesting that lack of genetic structure in widespread marine species may not
be so typical. These studies include work with pelagic copepods (Bucklin &
Marcus, 1985; Bucklin, 1986; Bucklin et al. , 1996), mussels (Burton & Feldman,
1982), benthic giant clams and starfish (Benzie, 1998; Benzie, 2000a), and sea
urchins (Palumbi, 1996). The weight of such studies has caused a nearly
complete paradigm shift from the idea that broadly ranging marine species would
be genetically homogenous over their range, to the idea that they are genetically
structured to varying degrees- divided into at least partially reproductively
isolated, genetically differentiated subunits over geographical space. This type of
pattern is more like what has been typically observed in terrestrial organisms. In
the case of terrestrial organisms, however, much more work has been done to
support the conclusions that have been made. Particularly in the oceanic
environment, very few studies have actually been done - especially DNA based
studies (for an example see Zane et al., 2000). Studies of population genetic
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structure in widespread deep-sea organisms are even more uncommon (for an
example see Miya & Nishida, 1997). Deep-sea organisms are especially
interesting cases since they have some of the most widespread distributions of
all marine species - many are in fact thought to be circumglobal in their species
range. These are species that were formerly assumed to be panmictic but are
now expected to likely show some degree of genetic structure across their range.
Studies of intraspecific genetic variation in oceanic zooplankton will
contribute to our understanding of marine biodiversity and of the nature of
oceanic species, helping to determine both the true number of species and
whether or not species are polytypic or monotypic across their range. Taxonomic
results of such studies will fall on a continuum between a lack of population
genetic structure and the recognition of sibling species. Investigations of genetic
structure also will be very important to the question of how the process of
speciation occurs in the oceanic environment - a topic that is still somewhat
poorly understood (Palumbi, 1994; Palumbi, 1996).
Acanthephyra curtirostris

The shrimp family Oplophoridae (infraorder Caridea) includes 1O genera
with around 65 recognized species (Chace, 1986; Wasmer, 1986) of mostly
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strongly swimming, oceanic, holoplanktonic zooplankton and consequently forms
a sizeable portion of the the total number of oceanic shrimps- Omori (1974)
estimates the total number of pelagic shrimp species to be around 210. The
family is cosmopolitan in distribution and is usually deep living, though many
species engage in nocturnal migration toward the surface while other species in
the group remain resident at a relatively constant depth. Some few species may
adopt a benthic lifestyle as adults. Acanthephyra curtirostris (Figure 1), a
member of the largest oplophorid genus, is a midwater species that has a
widespread circumglobal distribution. It has been collected at lower !attitudes
around the world and to nearly 51 degrees north in the eastern Pacific. It has
been collected in the Pacific Ocean from Vancouver Island south to Panama and
Peru, off Japan, off the Phillippines, and off Hawaii; in the Indian Ocean along the
east coast of Africa; in the Atlantic Ocean from the Carribean region, along the
west coast of Africa, and off Madeira (Butler, 1980). Depths of collection for A.
curtirostris range from 200-2000 meters. A. curtirostris apparently does not

undergo any pronounced diel vertical migration, at least not in the tropical
eastern Atlantic Ocean (Butler, 1980), in the northeastern Pacific (Krygier &
Pearcy, 1981) or off Hawaii (Cowles et al., 1991 ).
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Figure 1. Acanthephyra curtirostris collected off Oahu from 900 m depth.
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Research Question
The aim of this study was to search for the presence of genetic diversity among
populations of the cosmopolitan meosopelagic zooplanktic shrimp Acanthephyra
curtirostris in the northeastern Pacific using modern DNA techniques. A
putatively widespread oceanic zooplankton species such A. curtirostris could
potentially be made up of a complex of cryptic species, the true number of which
would be unknown. Even if A. curtirostris is monotypic, because of its extremely
widespread distribution, random interbreeding and gene flow across its entire
species range is unlikely at best due to the potential of hydrographic or other
barriers and to the extreme distances involved. This suggests that A. curtirostris
may be gentically structured as a species (i.e. not panmictic) and consequently
subdivided, even within oceans, into genetically distinct geographic populations.
A search for cryptic speciation within the deep-sea oceanic zooplankton species

A. curtirostris and an analysis of genetic structure was undertaken using three
populations collected from the northeastern Pacific in order to look for cryptic
species, to look for distinct genetic forms within the species, to examine the
spatial scale of any genetic structure present, and to infer the level of gene flow
between different geographic locations. It is hypothesized that A. curtirostris is
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not genetically homogeneous across its species range and that populations will
show some level of genetic diversity, when examined using sensitive DNA
techniques, even within the northeastern Pacific - over the scale of half an ocean
or less. Such a study of genetic variation contributes to our understanding of
ecology and evolution in the oceanic environment, to the genetic structure of
oceanic zooplankton in general, and to our understanding of the nature of
oceanic zooplankton species.
Choice of Molecular Markers
Nearly all studies that make use of molecular markers can be seen as attempts
to estimate phylogeny in its broadest sense, addressing one or another
hierarchical stage of evolutionary divergence. Relationships thus can be
assessed at levels ranging from the extreme micro- to the macro-evolutionary
scale. These would include: (a) genetic identity vs. nonidentity; (b) parentage; (c)
kinship within a local group or population; (d) differentiation among populations or
subspecies; (e) differentiation among reproductively isolated species; and (f)
phylogenetic structure at intermediate and larger evolutionary depths in the tree
of life. Different types of molecular markers can be used to provide genetic
information ideally suited to deal with different subsets of this phylogenetic
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hierarchy and the challenge is to develop and utilize molecular methods
appropriate to the biological problem at hand since markers can only be useful
when they reveal an appropriate level of variation. Analysis of genetic structure
and diversity within a species therefore involves the search for intraspecific
genetic variation and distinct genetic forms. While it is not practical to obtain the
complete DNA sequence of an organism's genome, it is possible to sample some
of the incredible amount of information present in an organism's DNA content.
Diversity can therefore be seen by examining variation in sample DNA
sequences. This can be done directly by DNA sequencing, RFLP analysis, or
other DNA techniques, or indirectly by using such techniques as allozyme
analysis or morphological analysis both of which presumably have a genetic
basis. Data from direct DNA techniques such as sequencing or microsatellites is
desirable since it has a clear genetic basis but such data is often limited due to
the cost and the labor-intensive efforts required in using these techniques. The
ideal picture of genetic diversity and population genetic structure would be one
that is built on a variety of techniques including the analysis of mitochondrial
DNA, nuclear DNA, proteins, morphology, and other characteristics since
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multiple techniques are more likely to reveal genetic diversity and structure
(Avise, 1994).
Electrophoretic separation of allelic variants of enzymes (allozymes) has
been used to study the population genetics of a wide variety of species for many
years (Avise, 1974) and the technique was historically applied to the marine
environment as well (Battaglia & Beardmore, 1978; Nelson & Hedgecock, 1980;
Beaumont, 1994; Benzie, 2000a). In fact, the few early studies focusing on the
genetic structure of oceanic zooplankton species - these studies focused on
crustaceans, most notably krill (Euphausia) species in the Southern Ocean (e.g.
Ayala et al., 1975; Valentine & Ayala, 1976; Fevolden & Ayala, 1981; Fevolden,
1982; Schneppenheim & McDonald, 1984; Fevolden, 1986; Kuhl &
Schneppenheim, 1986; Schneppenheim & Weigmann-Haass, 1986; Fevolden &
Schneppenheim, 1988; Fevolden & Schneppenheim, 1989) - were conducted
using allozymes. Little variation was found and it was assumed that species were
genetically homogenous across their species range. This is not surprising as
allozyme markers are known to lack variability in many crustacean taxa,
particularly decapods (Hedgecock et al., 1982; Dall et al., 1990; Benzie, 2000b).
The possibility that the lack of spatial differentiation among oceanic zooplanton
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was simply the result of the low resolution of the allozyme technique led to an
interest in using newer, more variable DNA-based markers. It was therefore the
increase in the number and types of DNA-based genetic markers resulting from
advances in molecular technology (for reviews see Karp et al., 1998; Silva &
Russo, 2000) which was a major component in the demonstration that gene flow
is often limited in pelagic organisms resulting in various levels of genetic
structure . Of the molecular techniques available to examine population genetic
structure, nuclear-encoded microsatellites (Schlotterer, 1998) have proven
perhaps the most informative, in that reduced gene flow and undetected genetic
structure have been demonstrated with microsatellites when other genetic
markers, e.g ., mitochondrial DNA and/or allozymes, failed to detect genetic
heterogeneity among geographic samples (for examples see Bentzen et al.,
1996; Brunner et al., 1998; O'Connell et al., 1998; Shaw et al., 1999; Supungul et
al., 2000; De lnnocentiis et al., 2001; Broughton et al., 2002). The primary
reason for the discriminating power of microsatellites in detecting population
structure appears to be their generally high allelic diversity, which affords
considerable statistical power to exact and other tests of allele distribution
homogeneity (Gaudet et al., 1996; Estoup et al. 1998; Ross et al., 1999).
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Microsatellites are recognized as one of the most effective molecular
markers to determine population genetic structure (Wright & Bentzen, 1994;
Jarne & Lagoda, 1996; Sunnucks, 2000) and they have been demonstrated as a
useful genetic marker in a variety of eukaryotic taxa. Indeed, the majority of
population studies that have employed microsatellites have reported significant
genetic divergence even from nearby geographic groups (for exceptions see
Gold et al. , 2001; Reichow & Smith, 2001 ). Microsatellites can therefore reveal
population subdivision at smaller spatial scales than is possible with other
commonly used genetic markers such as allozymes and mtDNA (Ruzzante et al.,
1996) and identify divergence among populations that has previously gone
undetected. Population genetic structure can be revealed with even a limited
number of microsatellite markers (Mariette et al. , 2002) and increased
heterozgosity available through the microsatellite technique often results in
unique alleles that allow the discrimination of populations even if these unique
alleles are relatively rare in the populations. The microsatellite technique opens
new perspectives for studying substructure of closely related populations,
population samples over a reduced geographic scale, and populations that are
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potentially less isolated such as oceanic shrimp or other zooplankton (Estoup et
al., 1998; Xu et al., 2001 ).
Some of the very properties that make microsatellite markers such a good
choice for an analysis of population genetic structure within a species, such as a
high mutation rate resulting in many alleles, make them in turn a poor choice of
marker for the detection of cryptic species (Hewitt, 1998). This is because of
increasing homoplasy deriving from greater and greater divergence times
resulting in alleles that are identical in state but not identical by descent. More
slowly evolving DNA sequences are more suitable for detecting phylogeographic
structure and genealogy of species. Mitochondrial sequence data from different
sections of the mitochondrial genome can provide information about divergence
at the species level and sometimes even the population level. Some
mitochondrial genes evolve too slowly to provide sufficient sequence divergence
at the specific level, whereas other regions of the mitochondrial genome include
variable nucleotide positions that are free to mutate as lineages diverge.
Analyses of phylogenetically distant taxa will therefore require the use of more
slowly evolving mitochondrial regions than the study of closely related taxa does.
Furthermore, it is precisely this non-uniformity of mutation rate in the
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mitochondrial genome that is a major reason allowing mitochondrial genes to
function as such useful molecular markers. More slowly evolving conserved
regions allow the use of "universal primers" for the amplification of variable
portions of mitochondrial genes in many different species and groups via the
polymerase chain reaction and these variable regions can then be used to look at
the level of divergence between taxa.

Sampling and Collection of Tissues
During the course of two cruises aboard the R/V New Horizon made in the
spring and summer of 1996, samples of Acanthephyra curtirostris Wood-Mason
1891 were collected from three different areas of the Northeastern Pacific (Figure
2, Table 1). Samples of A. curtirostris were taken off of the leeward side of the
Hawaiian island of Oahu (Figure 3) and at two locations off the California coast
(Figure 4) - from an area 160 km west of Point Conception and from San
Clemente Basin near the island of San Clemente. The shrimps were captured
between the depths of 600 m and 1300 m using a modified Tucker Trawl with an
opening and closing mouth of 1O m2 . The net was equipped with a thermally
protecting cod end that reduces mechanical damage and heat shock to deep-sea
animals during recovery (Childress et al., 1978). Upon recovery, live individuals
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of A. curtirostris were selected and placed in containers of chilled seawater
where they were maintained alive in a refrigerated room (5 °C). The specimens
were identified using the keys and descriptions provided by Butler (1980) and
Chace (1986). Voucher specimens were preserved using 10% formalin in
seawater for verification of identifications.
Ethanol is a commonly employed preservative for the non-cryogenic
preservation of DNA in both vertebrate and invertebrate tissues. In this study,
ethanol was used to preserve abdominal muscle tissue from live specimens of A.

curtirostris (Protocol 1.1, Appendix 2). The number of individuals from which
tissue samples were obtained at each of the three locations is given in Table 1.
These were; fifty four (Oahu), thirty (Point Conception), and thirty seven (San
Clemente Basin) . Live shrimp were rinsed in fresh seawater, and the exoskeleton
was removed from part of the abdomen to expose muscle tissue. Tissue samples
were preserved according to the recommendations of Dessauer et al. (1990) .
Briefly, a piece of muscle tissue from each individual was cut into small pieces
then immersed in a small vial of 100% ethanol. The ethanol was allowed to
diffuse through the tissue for 1-2 hours, after which the diluted ethanol was
replaced with fresh ethanol. A final change of ethanol was made after 1-2 days
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before storage in the refrigerator. It has been found that samples preserved in
ethanol and stored at 4 °C give a better yield and quality of DNA than those
stored at room temperature or at -20 °C (Post et al., 1993).
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Figure 2. Map of the Northeastern Pacific showing the three collection areas
I\)
I\)

for Acanthephyra curtirostris. 1 =Hawaii, 2 =California-Point Conception,
3 = California-San Clemente Basin. Arrow indicates the general path of the
California Current - the eastern flow of the North Pacific Gyre.
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Figure 3. Regional map showing the location of the Acanthephyra
curtirostris population sampled off Hawaii. Site name and
coordinates are given in Table 1.
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Figure 4. Regional map showing the locations of the Acanthephyra
curtirostris populations sampled off California. Site names and
coordinates are given in Table 1.
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Table 1. Collections made of Acanthephyra curtirostris. Locations, sample sizes,
and collection dates.

Longitude

Latitude

n

Date

Oahu (OH)

158° 20' W

21 ° 20' N

54

July 1996

Point Conception (PT)

122° 42' W

34° 37' N

30

March 1996

San Clemente Basin (SC)

118° 30' W

32° 25' N

37

March 1996

Site name (and code)
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CHAPTER 2
MITOCHONDRIAL DNA SEQUENCING IN ACANTHEPHYRA CURTIROSTRIS
INTRODUCTION
Identification of Cryptic Species

Morphological taxonomy suggests that marine faunas are species poor
compared to terrestrial and freshwater faunas (May, 1994; Gage, 1997). This
dichotomy has been attributed to the unique potential of marine plankters and
swimmers for long distance dispersal across homogenous oceans with few
barriers to gene flow (Palumbi, 1992). The relative scarcity of opportunities for
allopatric divergence is thought to have resulted in depauperate marine faunas
characterized by a high proportion of widespread or cosmopolitan species.
However, many recent studies have revealed the presence of a large number of
cryptic or sibling species in marine environments. These species lack
conspicuous, diagnostic morphological features but are identifiable from
genetical, biochemical , behavioral, physiological, and ecological characters (for
examples, see Bucklin, 1998; Gamenick et al. , 1998; Manchenko &
Radashevsky, 1998; Knowlton, 2000; Soller et al., 2000; Dawson & Jacobs
2001 ). Classical taxonomy based solely on morphology cannot recognize sibling
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species and consequently reproductively isolated, yet morphologically apparently
homogenous entities are assigned to a single species seriously underestimating
biodiversity. The extent of the problem appears to be great (Knowlton, 1993) with
little understanding of how common the circumstance is in various taxa.
Nevertheless the problem of unrecognized species in the marine environment
seriously compromises our ability to understand the evolution and ecology of
marine organisms. New examinations of marine species, particularly molecular
analyses, will be helpful to establish a robust evolutionary and systematic
framework in which ecological, applied, or other scientific endeavors can be
placed in their correct context. A search for cryptic species complexes in the
oceanic environment - where widespread species distributions are common and
where organisms are understudied - should be particularly worthwhile and can
help to answer the question of whether the oceanic environment is characterized
by many localized species or by a few widespread species in each taxon .
Cryptic Speciation Within Acanthephyra curtirostris?
The deep-sea shrimp Acanthephyra curtirostris is a good example of a
widespread cosmopolitan oceanic species being found in many oceans
stretching around the world (Butler, 1980; Chace, 1986). A. curtirostris collected
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from different locations are very similar morphologically and specimens collected
for this study from off Hawaii and California did not have any obvious
morphological or color differences. However, indications of potential diversity
within A. curtirostris have been noted. Hanamura (1984) has recorded the
observation that specimens of A. curtirostris from the northeastern Pacific are
larger and produce more than three times as many eggs than do specimens of A.

curtirostris from Hawaii, leading Chace (1986) to suggest the existence of an
unrecognized species complex within A. curtirostris. In addition, apparent
adaptation by A. curtirostris specimens to the low oxygen levels present off
California is seen when the physiological tolerances to oxygen levels are
compared between individuals from California and Hawaiian populations (Cowles
et al., 1991 ). The physiological differences between these two populations are
so great, in fact, that an individual from the Hawaiian population could not survive
under the low oxygen conditions present off California.
A molecular examination of the DNA sequence from the mitochondrial
Cytochrome Oxidase subunit I (COi) gene from three populations of A.

curtirostris in the northeastern Pacific was undertaken to estimate levels of
genetic divergence, allowing inferences to be made about biodiversity and
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potential sibling speciation within A. curtirostris living in this region. Variable
regions within the COi gene have been shown to be informative at the population
level (Baco et al., 1999; Williams, 2000; Lessios et al., 2001; Rodriguez-Robles
et al., 2001; Barber et al., 2002; Munasinghe et al., 2003), and this gene has
been useful to differentiate cryptic marine species in many taxa (for examples
see Endo et al., 2000; Soller et al., 2000; Dawson & Jacobs, 2001; McGovern
and Hellberg 2003). Additionally, since much of the molecular work relating to
cryptic speciation in Crustacea, and in particular the group Caridea, has been
done using Cytochrome Oxidase I, the gene was used preferentially to give a
basis for comparison (Burton and Lee, 1994; Meyran et al., 1997; Bucklin et al.,
1998; Knowlton & Weight, 1998; Mathews et al., 2002).

32

MATERIALS AND METHODS
Mitochondrial DNA Extraction and PCR
Mitochondrial DNA was amplified by the polymerase chain reaction from
total DNA extractions prepared from 15 individuals of Acanthephyra curtirostris,
five from each of three populations (Figure 2, Table 1) and from total DNA
extracted from one specimen each of Acanthephyra prionota and Acanthephyra

acutifrons, both from Hawaii. DNA isolations were from ethanol-preserved
abdominal muscle tissue and were accomplished by using a phenol/chloroform
extraction technique (Hawaiian population) or by using the DNeasy® Tissue Kit
from Qiagen (Protocol 2.2, Protocol 2.3, Appendix 2). The quality of the
extracted DNA was examined on a 0.8% agarose minigel (0.5X TBE) and DNA
samples were quantified using a TKO 100 mini-fluorometer (Protocol 3.1 ).
Universal primers HC0-2198 5, -taaacttcaggggtgaccaaaaaatca-3 , and LC0-1490
5 ,- ggtcaacaaatcataaagatattgg- 3, (Folmer et al., 1994) - synthesized by SigmaGenosys - were used to amplify a partial sequence of the mitochondrial protein
coding gene Cytochrome Oxidase subunit I. The amplified fragment produced
was approximately 675 bp. Polymerase chain reactions (50 µI each) were set up
using the HotStarTaq Master Mix Kit (Qiagen). Setup involved adding 2-3 µI of
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DNA template to each PCR tube (DNA :::::10 ng/µI), adding 22-23 µI of a
primer/water mix (supplied deionized water with primers at a concentration of
1 µMeach), and then adding 25 µI of the HotStarTaq Master Mix. Final
concentrations in each tube were 2.5 units Taq DNA polymerase, 1X PCR buffer
with MgCl 2 at 1.5 mM, 200 µM of each dNTP, and 0.5 µM each of HC0-2198 and
LC0-1490. After setup, PCR cocktails were overlayed with 35 µI of mineral oil
and placed into an MJ PTC-100 thermocycler. The thermocycler program
consisted of an initial incubation step of 95 °C for 15 minutes, followed by cycles
of 60 sat 94 °C, 60 sat 57 °C, and 45 sat 72 °C. Thirty four cycles were
completed followed by a final extension at 72 °C for 1O minutes. PCR
amplifications were placed at 4 °C until verified and purified in preparation for
sequencing. Success of the PCR amplifications was demonstrated by running
3 µI of the reaction next to molecular weight markers on a small nondenaturing
polyacrylamide gels (1 X TAE) using the Mini-Protean II gel apparatus (Bio-Rad).
Amplifications were successful in all individuals, yielding a strong clean product
in the expected size range.
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Sequencing
To prepare samples for sequencing, the entire completed PCR reaction
mixture was removed from underneath the oil overlay in each PCR tube, added
to a new 0.5 ml tube and concentrated down to 10 µI by evaporation in a
thermocycler block held at 94 °C for 30 to 40 minutes. The PCR product s were
then purified by electrophoresis using a 1.2 % agarose gel (1X TAE) and the
D-15 DNA marker (Novagen). Gel rigs were washed carefully and gels were
loaded every other lane to prevent possible cross-contamination of samples. The
concentration of the PCR reaction mixtures by evaporation provided enough
room for all the PCR products to be loaded into the gel wells along with 6 µI of
Type II loading buffer (Sambrook et al., 1989). After electrophoresis, the gels
were stained with an ethidium bromide solution (0.5 µg/ml) and visualized briefly
on a transilluminator. Bands (PCR products) were sliced out of the gels using
clean, new razor blades and keeping UV exposure to a minimum. DNA was
extracted from the gel slices using the QIAEX II Kit (Qiagen) following the
manufacturer's instructions. Each gel slice was estimated at 100 mg requiring
350 ml of buffer QX1. The amount of silica matrix (QIAEX II) used was 25 µI and
the purified PCR product was eluted using 20 µI of 1O mM Tris-Cl pH 8.0.
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Purified double-stranded PCR products were sequenced directly in both
directions using the BigDye Terminator Kit (Applied Biosystems Inc.) on a
fluorescent automated DNA sequencer (Applied Biosystems 377) following the
manufacturer's instructions using the PCR primers HC0-2198 and LC0-1490.
DNA sequencing was performed at the DNA sequencing facility at California
State University Northridge.
Statistical Analysis
Forward and reverse sequences were proofread using EditView 1.0.1
(Applied Biosystems) and Sequencher™ version 3.0 (Gene Codes Corporation)
and used to generate overlapping contigs which had at least 80% of each
reported fragment sequenced in both directions. The sequence confirmation due
to overlap occurs primarily in the central region where verification is potentially
more necessary. The resulting 630 base pair sequences were aligned by eye
and using the program Clustal X (Thompson et al., 1997). Alignments were
unambiguous, no insertions/deletions or stop codons were found and gaps were
not necessary to align the haplotypes. Haplotypes were numbered arbitrarily
using the prefix Ac starting with the Point Conception population followed by the
San Clemente Basin population and then the Oahu population.
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Pairwise distances between populations were estimated following the
Kimura two-parameter model (Kimura 1980). A neighbour-joining tree (Saitou &
Nei 1987) was inferred from Kimura two-parameter genetic distances using the
program MEGA (Version 2.1 Kumer et al., 2001) and the robustness of the tree
topology was assessed using 1000 bootstrap pseudoreplications. Maximum
parsimony analysis was also carried out in the MEGA program setting sequence
from A. prionota as the outgroup. Sequence data was bootstrapped 1000 times
using the heuristic search method. The relationship between mtDNA haplotypes
was displayed with a minimum spanning cladogram estimated using the TCS
Program (Clement et al., 2000) that provides the 95% parsimoniously plausible
branch connections between haplotypes.
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RESULTS
Sequencing was sucessful in 13 of the 15 individuals attempted and in the
one individual of Acanthephyra prionota. The other sequence reads were not
long enough to give trustworthy data. In these 13 individuals from three sites
screened for variation, 6 haplotypes were detected with 34 variable sites
(Appendix 4,Table 2). Haplotype Ac3 was the most widespread, being found in
both Point Conception and San Clemente Basin populations (Table 3). Both of
the haplotypes from Oahu were unique to the Hawaiian population and differed
substantially from the Californian haplotypes. The haplotype cladogram and
neighbor joining tree (Figures 5 and 6) reveal two distinct clades. Glade 1 was
from off Hawaii and clade 2 was made up of the two populations from off
California. The same overall tree topology was obtained using maximum
parsimony analysis (Figure 7). Pairwise genetic distances calculated between the
populations showed very little sequence divergence between the two California
populations with a value of only 0.4%. Material sequence divergence of 3.8%
was found, however, between the Californian populations and the population
from Oahu. Seqence divergence between A. prionota and all three populations of
A. curtirostris was around 14.5%.
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Table 2. Positions of variable sites in the six haplotypes of the mitochondrial COi gene detected in the three
populations of A. curtirostris using universal primers HC0-2198 and LC0-1490, aligned with the outgroup A.
prionota. Blank spaces indicate the base is identical to the uppermost sequence Ac1. Full sequence of Ac1
haplotype is shown in Appendix 4.
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Table 3. Haplotype frequency per sampling site for A. curtirostris. Sample size (n)
for each site is given. Site abbreviations are given in Table 1.

Site (n)

California

Hawaii
OH (5)

PT (4)

SC (4)

Haplotype
Ac1

0.50

Ac2

0.25

Ac3

0.25

0.50
0.50

Ac4
Ac5

0.80

Ac6

0.20
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GLADE

1

(Hawaii)

3.8% divergence

GLADE

2

(California)

Figure 5. Gladogram depicting relationships between haplotypes (numbered as
in Table 3). The size of the circles is proportional to the number of individuals
found with each haplotype. The squares indicate hypothesized haplotypes not
detected in the samples. All haplotypes are separated by a single mutational
step except where indicated by the dashed line.
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Ac4 SC
~~~~~~~~~~~~~~~~~~r--~~Ac2 PT

100

Ac1 PT
Ac5
Ac6

OH
OH

0 .005

Figure 6. Neighbor joining tree showing the relationships among COi haplotypes
for A. curtirostris using the Kimura 2-parameter distance method. Sites where
haplotypes were sampled are given. Numbers along branch lengths are
bootstrap values based on 1000 replications.
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15 I
I

8

I
67 I

35
99

AC24PT
AC12SC
AC43SC
AC44SC
AC17SC
AC22PT

52

I
69 I

AC20PT
AC23PT
AC380H
AC370H

99

AC350H

68
18

I
16 I

AC300H
AC600H
A. prionota

Figure 7. Maximum parsimony tree constructed based on partial nucleotide
sequences from COi (630 bp) among 13 individuals of Acanthephyra curtirostris.

Acanthephyra prionota was used to root the tree. Bootstrap probabilities are the
result of 1000 replications. Letter and number codes refer to individuals
sequenced and location collected (OH= Oahu, PT= Point Conception, SC= San
Clemente Basin) .
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DISCUSSION
Presence of Cryptic Species?
Monophyly of the Oahu sample was a clear result of the genetic analysis
using the mitochondrial gene Cytochrome Oxidase subunit I. This pattern was
supported by a high bootstrap probability. Of the haplotypes found, no identical
haplotypes, or mitotypes, were shared between Oahu and California populations.
The 3.8% sequence divergence between the Hawaiian and Californian
populations is not likely to be explained by the presence of pseudogenes, a
potential source of spurious results (Vaughan et al., 1999; Williams & Knowlton,
2001 ), since all PCR products were the same size, the alignment of Hawaiian
haplotypes to the others involves no frame shift, and no stop codons appear in
the reading frame. Moreover, nucleotide substitutions among all the haplotypes
are dominantly synonymous suggesting that those sequences are part of a
functioning protein coding gene. A distinct genetic divergence between the Oahu
population and the California populations is therefore revealed.
The question then follows as to whether or not this level of genetic
divergence is in the range of divergences usually associated with the outcome of
speciation processes. In addition to revealing the presence of cryptic species, the
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variation in mitochondrial COi genes has been used to reject the idea of sibling
species within a group. The very small amount of COi variation in Montastraea

annularis - a coral species proposed to consist of a species complex - was
used as evidence to reject the presence of unrecognized species (Medina,
1999), and a COi study of two squid species in the genus Latigo found very little
variation within species(< 1%) compared to a value of around 14% between the
species and a typical value of COi variation expected for squid species of 11 % to
22% allowing the concept of cryptic species within these widespread species to
be rejected (Herke & Foltz, 2002). It is also possible that COi variation will be
present between populations at more intermediate values showing clearly the
presence of genetic heterogeneity but leaving as ambiguous the question of the
presence of cryptic species (Endo et al., 2001; Williams et al., 2001 ).
Generally, no definite conclusion with respect to the taxonomic status of
the different A. curtirostris populations can be drawn. However, the comparatively
low genetic distance (0.4%) between the two California populations may be
viewed as an indicator of their close relationship and conspecificity. While there
are well-accepted species of metazoans separated by a 3% to 4% divergence in
various mitochondrial genes such as COi (Williams, 2000; France & Hoover
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2002), an acceptable benchmark for the typical inter-specific divergence between
invertebrate species found using the COi gene would be 10% to 20% (Dawson &
Jacobs 2001 ). Sequence variation in COi in cryptic species of the jellyfish Aurelia
range from 13% to 24% (Dawson and Jacobs 2001 ). An 18% sequence
difference in COi distinguishes congeneric species of copepods (Bucklin et al.,
1998), 4% to 19% distinguishes species of the snapping shrimp Alpheus
(Knowlton & Weight, 1998), about 7.5% indicates species of deep-sea clams in
Vesicomyidae (Peek et al. , 1997), 11.5% to 30.8% characterize congeneric
species of the amphipod Gammarus (Meyran et al. 1997), and 15% divergence
was seen between species in the crayfish genus Cherax (Munasinghe et al.,
2003). Indeed there was around 14% divergence in COi sequence between

Acanthephyra prionota and the A. curtirostris samples. As such the suggestion is
that all three of the A. curtirostris populations belong to the same species and
cryptic species are not indicated.
However, the results of this study are based on only one mitochondrial
gene that may or may not reveal the true extent of biodiversity. Some of the
diversity noted within A. curtirostris, such as differences in size and egg
production (Hanamura, 1984) could be easily explained by environmental
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differences such as greater or lesser food supply. Other differences such as the
physiological differences measured by Cowles et al. (1991) are not as easily
explained and may be indicative of substantial species level diversity within A.
curtirostris. Many cryptic species can in fact be differentiated based on

physiology (for an example see Gamenick et al., 1998) and the case could be
made for A. curtirostris populations off California and Hawaii being ecological
species.
Regardless of the taxonomic status of the A. curtirostris populations used
in this study, a conclusive result of the mitochondrial gene sequencing analysis of
the three populations is a clear indication of phylogeographic structure and a lack
of genetic homogeneity in the northeastern Pacific.

Intraspecif ic Phylogeography
A. curtirostris, like many other marine zooplankton species, spends its life,

both as a larva and as an adult, in the open water as a free-swimming organism .
This water environment, like most of the ocean, is generally lacking in obvious
physical barriers and in the case of the deep-sea is homogeneous in many
physically measurable ways as well with such variables as temperature, light
and pressure being relatively constant. Thus the opportunity for moderate to high
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gene flow has been assumed to be large (France & Kocher, 1996). The detection
of relatively substantial phylogeographic structure within the northeastern Pacific
therefore might be thought of as unexpected. However, even though some
members of the zooplankton, present either as swimming adults or long lived
larval forms, do display very little mtDNA variation over vast areas (for examples
see Silberman et al., 1994; Craddock et al., 1995; Lessios et al., 1998), the
intraspecific pattern of phylogeography seen in A. curtirostris is not completely
unexpected in light of the results of current mtDNA based studies. Many marine
invertebrate species have shown mtDNA phylogeographies with relatively deep
phylogeographic structures even within the same ocean (reviewed by Avise,
2000). The results from this study provide further evidence that phylogeographic
structure within broadly distributed marine species is not rare and that panmixis
cannot be assumed. Furthermore, evidence that even deep-sea zooplankton
may be typically phylogeographically structured as well is provided. It is
becoming clear that even though many marine invertebrate organisms have the
potential for wide, long distance dispersal, either as an adult or as a planktonic
larval form , varied phylogeographic structures and patterns should be expected
and it should be acknowledged that various causes such as unrecognized

50

genetic barriers, historical biogeographic factors, and contemporary behaviors
and ecologies can sculpt the genetic architecture of widespread zooplankton
species in various ways.
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CHAPTER 3
MICROSATELLITE ANALYSIS OF ACANTHEPHYRA CURTIROSTRIS
INTRODUCTION
What are Microsatellites?
Microsatellites - a Definition

Microsatellites are defined as tandem arrays of short DNA sequence
motifs of 1-6 bp in length (Schlotterer, 1998) and are also referred to as simple
sequence repeats (SSAs) or short tandem repeats (STRs). Microsatellite arrays
are small. Total array lengths range from somewhere around a dozen up to a few
hundred base pairs, with many arrays being less than 100 bp in total length. For
example, a microsatellite locus may consist of a stretch of DNA with the base
sequence of CA repeated 21 times in a row [(CAb] or TGTA repeated 8 times
[(TGTA) 8] .
Microsatellite Nomenclature

Weber (1990) is responsible for much of the terminology associated with
microsatellite sequences. Microsatellites can be described, based on the number
of nucleotides in the repeat motif, with terms such as dinucleotide, trinucleotide,
or tetranucleotide. These terms designate a pattern of two, three, or four
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nucleotides repeating. Microsatellites can also be described by the term pure (or
perfect), which refers to an uninterrupted stretch of identical repeats, or the term
interrupted (or imperfect), which refers to a repeat sequence in which there are
one or more interruptions caused by single nucleotides, or runs of nucleotides,
that are not part of a repetitive sequence. Microsatellites are also referred to as
compound, or composite, if made up of two or more adjacent tandem repeats. All
these terms can be used in combination to describe various microsatellites.
For simple things, microsatellites seem to have proved somewhat difficult
to describe and classify and until recently many problems with microsatellite
description and nomenclature have gone largely unnoticed. This can be
illustrated by the range of definitions for microsatellites to be found in current
books and reviews (Jame & Lagoda, 1996; Karp et al., 1998; Goldstein &
Schlotterer, 1999) and by the descriptions of microsatellite arrays in the literature
that do not fit neatly into previously established categories. Chambers and
MacAvoy (2000) have gone to great lengths to establish a more precise system
for microsatellite description and classification and their recommendations are
presented in Appendix 3. Of particular importance is their introduction of the term
"complex, "which is suggested as an additional descriptor to differentiate
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compound repeat arrays in which there are more than two different repeat motifs
present from those in which only two different types of repeat units are found.
Under their system the terms pure (or perfect), compound and complex are used
to specify that one, two, or more types of repeat motifs respectively are found
within arrays at a given microsatellite locus. In addition, Chambers and MacAvoy
point out that the term 'imperfect', which is often used as an exclusive category to
'perfect' or pure (e.g. Brooker et al., 1994; Buchaanan et al., 1998), is better used
only as a descriptor to indicate that interruptions of one or more nucleotides
occur within a particular array rather than to indicate a particular type of array
since interruptions can occur equally well in pure, compound or complex repeat
arrays.

Genomic Distribution of Microsatellites
Microsatellite loci have been found in all organisms investigated so far and
occur in even the smallest bacterial genomes (Field & Wills, 1996; Hancock,
1996a). Although microsatellite repeats in prokaryotes occur at relatively low
frequencies (Van Belkum et al., 1998), they are very abundant in many
eukaryotes where they are ubiquitously interspersed throughout the genome in a
roughly uniform manner (reviewed in Hancock, 1999) including apparent uniform
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distribution between autosomes and X-chromosomes (Wilson & Sunnucks,
2000). Microsatellite loci can be found anywhere in the genome, with the possible
exception of the telomeres, both in protein coding and noncoding regions (Toth et
al., 2000). However, it has been demonstrated that the presence of microsatellite
repeats is much higher in noncoding sequences (Hancock, 1995) and evidence
continues to accumulate demonstrating that microsatellite arrays are relatively
rare in and near protein coding sequence. For instance, it has been reported that
of 101 observed mono-, di-, and tetranucleotide simple sequence repeats found
in 54 plant species, all were located in noncoding regions (Wang et al., 1994). In
the genome of the Japanese pufferfish, Fugu rubripes, only 11.6% of 6042
microsatellite repeats were detected in protein coding regions (Edwards et al.,
1998). Morgante et al. (2002) reported that all microsatellite types except triplets
and hexanucleotide repeats were substantially less frequent in 25,762 putative
protein coding sequences compared with the noncoding fraction in six plant
species including Arabidopsis, rice, soybean, maize, and wheat (Triticum
aestivum). Such differences in distribution between coding and noncoding

sequence has been attributed to negative selection against frequent frameshift
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mutations which non-triplet microsatellites would create in coding regions
(Metzgar et al., 2000).
In the case of triplet repeats, a similar pattern of reduced frequency in
protein coding regions is observed across taxa (Field& Wills, 1998; Wren et al. ,
2000). However, trinucleotide repeat arrays are more likely to be present in
coding regions than are other repeat types presumably since, as has been
mentioned above, mutations of a triplet repeat are not likely to involve a
frameshift. Disease associated microsatellite repeats located human genes are
almost exclusively triplets (Nadir et al., 1996) and likewise, Morgante et al. (2002)
recently found that the frequency of triplet simple sequence repeats doubled in
the above mentioned six plant species as a result of mutation pressure and
possibly positive selection for specific single amino acid stretches.
Microsatellite Function
The functional significance of any microsatellite sequence present in the
genome, if any, is still largely unknown with the majority of researchers
considering them to be selectively neutral (Schlotterer, 2000) and subject to
chance occurance. However, as mentioned above, the presence of
microsatellites within exons has been associated with human genetic disorders
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that result from trinucleotide expansion (reviewed by Rubinsztein, 1999) and
recent evidence suggests that microsatellites may serve as regulatory elements
in the eukaryotic genome (Kashi & Soller, 1999; Li et al., 2002). Additionally, it
has been proposed that microsatellites may have evolutionary significance
contributing to faster adaptation to new environments and that they may be
especially important for population survival and adaptation to spatially and
temporally varying enviromental conditions (reviewd by Li et al., 2002). These
fuctions may in part explain differences reported in taxon-specific patterns of
abundance, distribution and types of microsatellites in various eukaryotic groups.
Nevertheless, microsatellites are somewhat evenly distributed throughout
eukaryotic genomes even on a relatively fine grained scale and a study of
naturally occuring variation of coding microsatellites in Drosophilia melanogaster
could not rule out selective neutrality (Michalakis & Veuille, 1996).

Cryptic Simplicity
In addition to the microsatellite sequences common in eukaryotic
genomes, vaguely structured sequence tracts made up of a few, intermixed
simple motifs that show little sign of a tandem arrangement can also be found.
These micosatellite-like sequences are known as cryptically simple sequences
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(Tautz et al., 1986) and have been shown to be common in many genomes,
particularly large eukaryotic ones (Tautz et al., 1986; Sarkar et al., 1991;
Hancock, 1995; Hancock, 1996b). Cryptically simple regions in which various
simple repetitive DNA motifs are clearly over-represented are more common in
genomes than expected under a model with random ordering of the four bases
present in DNA even when local base frequencies are taken into account
(Hancock, 1995). Like microsatellites, cryptically simple tracts of sequence are
found preferentially in noncoding regions of genomes, but they can also be found
in coding regions (Tautz et al. , 1986; Hancock, 1995). Studies have shown that
cryptically simple sequences are rich in the same motifs that make up the most
common microsatellites. This suggests a possible origin as corrupt
microsatellites although it is likely cryptically simple sequences arise by other
mechanisms as well (Hancock, 1999).
History

The existence of microsatellite loci in eukaryotic genomes has been
known since the 1970s, although the large number and widespread occurrence
of these repetitive sequences was not demonstrated until 1982, when Hamada et
al. discovered multiple copies of the poly (dT - dG)n motif in a variety of
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organisms from yeast to vertebrates. This finding was verified by Tautz and
Renez in 1984, when they hybridized different repetitive sequences to genomic
DNA from a variety of organisms and found that many types of simple sequence
repeats were present. Subsequently, Tautz et al. (1986) showed that many of the
simple sequences occurring in eukaryotes were 5 to 1O - fold more frequent than
equivalent sized random motifs, and that high numbers of "cryptic" repeats, or
scrambled arrangements of repetitive sequences also occurred.
The use of microsatellite sequence to create molecular markers is a more
recent development driven largely by the desire for variable loci that could be
assayed by PCR (Saiki et al., 1988). In 1985, the discovery of hypervariable
tandem repeats in the human genome having a longer repeat unit (minisatellites)
by Jeffreys et al. and the use of these sequences in DNA fingerprinting studies
led to their widespread application in individual identification, parentage testing,
and genomic mapping. As with microsatellite loci, minisatellites vary in the
number of tandemly repeated elements, hence a general designation for both is
variable number of tandem repeat loci or VNTRs. Because the repeat units in
minisatellites may be as large as 200 bp each, allele sizes can range up to 50
kilobases. Consequently, conventional Southern blotting and hybridization
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techniques have been used to reveal minisatellite variation in many loci
simultaneously - to produce a bar-code like DNA fingerprint - and specific
probes have been used to reveal variation at specific loci. Many minisatellite loci
have been found to be extremely variable, with heterozygosity values greater
than 90% and mutation rates sometimes exceeding 10-2 per generation. An
advancement in the efficiency of VNTR analysis was realized with the application
of the polymerase chain reaction, and PCR based analysis systems were
developed for some minisatellite loci. However, the utility of PCR for minisatellite
analysis is limited due to the generally large sizes of minisatellite alleles and the
reduced effectiveness of PCR in the amplification of DNA sequences above 10
kb . A system of highly polymorphic sequences with allele sizes smaller than 500
bp and which varied over a narrow size range was desirable because variability
in such a system could be assayed by PCR combined with gel electrophoresis.
Microsatellite sequences fitted these criteria well, and in 1989 three papers
separately reported the isolation of microsatellites and the characterization of
allelic variability at these loci using PCR (Litt & Lutty, 1989; Tautz, 1989; Weber
& May, 1989). It has been the development of this technique of using

microsatellites as molecular markers that has lead to the increased interest and
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study of microsatellite sequence in eukaryotic genomes and the interest in
microsatellite evolution and function.

Microsatellites as Molecular Markers
Many new classes of polymerase chain reaction (PCR)-based genetic
markers have been developed over the last decade. Of these, microsatellites is
widely regarded as one of the most useful types of nuclear genetic markers to be
identified so far (Bruford & Wayne, 1993; Queller et al., 1993; Sunnucks, 2000).
In fact, microsatellites come close to being an optimal genetic marker (Queller et
al., 1993; Jame & Lagoda, 1996) and microsatellies have developed into one of
the most popular genetic marker techniques. The utility of microsatellite markers
derives from their abundance in the genome, single locus nature, simplicity of
assay, high levels of allelic diversity, mendelian inheritance, codominance, and
selective neutrality. The widespread distribution of microsatellite repeats in the
eukaryotic genome requires that most microsatellites be surrounded by single
copy DNA-that is, DNA sequence which is unique in the genome. The small
size of microsatellite arrays and the presence of single copy nuclear DNA in the
flanking regions ensure that a microsatellite locus can be easily amplified by PCR
in a specific repeatable manner resulting in PCR typing that is highly

61

reproducible . This enables a precise scoring of alleles (see below) and takes
advantage of the strengths of the PCR technique. These include a fast and
relatively easy processing time, the ability to use minute amounts of tissue, and
in the case of microsatellites, the potential use of low molecular weight DNA from
partially degraded tissue samples.
The number of applications for microsatellite markers is impressive. They
are currently used intensively for efforts involving genome mapping (for examples
see Dietrich et al., 1994; Dib et al., 1996) and they are also excellent markers for
questions of behavioral ecology since they allow the determination of genetic
identity, paternity, and kinship (for examples see Kichler et al., 1999; Moore &
Ball, 2002; Valsecchi et al., 2002). In addition, microsatellites are becoming a
marker of choice for the study of genetic structure in natural populations
(reviewed by Sunnucks, 2000) and are therefore becoming increasingly
important in the fields of population and conservation genetics. Microsatellite
analysis can potentially be applied to a wide variety of ecological and
evolutionary studies and the technique is allowing researchers to focus on
questions that were previously difficult to address (Schlotterer & Pemberton,
1998).
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Microsatellite Polymorphisims
The well-demonstrated variability at microsatellite loci (Litt & Luty, 1989;
Tautz, 1989; Weber & May, 1989) is often remarkably extensive (Bourke et al. ,
1997) and consequently results in a high level of genetic resolution. This
variability consists of length polymorphisms caused by changes in the number of
repeat units in the microsatellite array. The changes are thought to be due to an
intramolecular mutation mechanism called DNA slippage which occurs during
replication (Levinson & Gutman, 1987a). The most likely change is the gain or
loss of a single repeat unit which suggests that microsatellite repeats are
changing in a stepwise fashion. The observed mutation rates range from 10-2 to
10-5 events per locus per generation (Hancock, 1999; Schl6tterer, 2000). Since
rates of mutation at microsatellite loci are high, the result is a hypervariable
marker locus with many alleles. The allelic state at a particular microsatellite
locus can be visualized by the analysis of length variation seen in PCR products.
Because the regions flanking the microsatellite are generally conserved within a
species or even between species, primers in these flanking regions can be used
for PCR amplification and the products screened for size variation next to
appropriate size standards on polyacrylamide gels as diagramed in Figure 8 (for
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examples of actual gels, see Strassmann et al., 1996; Cregan & Quigley, 1997;
Schlotterer, 1998). The use of polyacryamide gels allows the resolution of alleles
differing by as little as one base pair and in certain cases several loci can be
analyzed on the same gel. The recent technological advancements made with
automated electrophoresis have enabled the effective use of multiplex coamplification of microsatellites and multiple loading of several PCR products for
more efficient genotyping. The determination of the absolute length of alleles
allows inter-gel comparisons and makes possible the exchange of data produced
in different laboratories. Note that microsatellite alleles are codominant and will
be seen as one or two bands after PCR amplification representing homozygous
or heterozygous states respectively (Figure 8).
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Figure 8. Diagram showing how the allelic state at a microsatellite locus can be
revealed by PCR followed by gel electrophoresis. Small arrows represent PCR
primers.
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Difficulties in Using Microsatellites
Despite the above mentioned strengths and advantages of the
microsatellite technique, it is neither justifiable nor realistic to give the impression
that microsatellite analysis is without its drawbacks. First, there is currently a
somewhat undocumented and anecdotal body of evidence emerging from a
number of laboratories that certain species can be extremely difficult species
from which to obtain microsatellie markers since microsatellites are known to be
present or absent to varying degrees in different taxonomic groups (Beaumont &
Bruford, 1999; Butcher et al., 2000). Many plant species, birds, and possibly
alligators, as well as several invertebrate groups such as lepidopterans (Meglecz

& Solignac, 1998; Neve & Meglecz, 2000) have been difficult to work with,
presumably because microsatellites are scarce. In addition, the relative
abundance of different repeat motifs is taxon-dependent (lagercrantz et al. ,
1993; Moran, 1993; Butcher et al., 2000; Toth et al., 2000; Wang et al., 2001)
and it is difficult in some cases to know which repeat motifs to search for in your
species. For this reason it may be informative to do a survey of the type of
repeats found in phylogenetically related groups. Such a survey is particularly
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important in view of the effort and expense typically invested in a microsatellite
marker development project.
No current information regarding the abundance and type of microsatellite
arrays present in caridean shrimp is available and information about other
decapod crustaceans is also scarce. In regards to other members of the
suborder Pleocyemata, some small amount of information about lobsters and
crabs can be found, and this is supplemented by an increasing number of reports
of microsatellite work among the crayfish. By far the greatest amount of
microsatellite work among decapod crustaceans has been done with penaeid
shrimp (suborder Dendrobrachiata) - due to their economic importance - and
this work is reviewed as part of this study. Continued reports of the abundance
and nature of microsatellite repeat motifs characteristic of different taxonomic
groups will be very helpful to researchers in planing strategy for microsatellite
isolation.
The second and most significant drawback to the use of microsatellite
markers is that it is necessary to know the sequence of DNA flanking the various
tandem repeats in order to design appropriate PCR primers. Unless one is
working with organisms for which DNA sequence is readily available in a
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database (e.g., humans, common laboratory animals, or certain agricultural
species), microsatellite loci have to be found using relatively technical bench
work and it is often necessary to create and screen a genomic DNA library in
order to locate and characterize microsatellite loci. Although these procedures
required for the development of microsatellites from poorly known species utilize
standard techniques practiced in many molecular biology laboratories,
microsatellite development usually requires considerable time and expense and
this relatively difficult, expensive and time consuming process is a continued
source of discussion and concern (Zane et al. , 2002; Squirrel! et al. 2003).
The traditional strategy for locating microsatellites typically involves using
labeled oligomeric probes to screen random short insert DNA libraries for
bacterial clones containing microsatellite arrays (Rassmann et al., 1991; Estoup
et al., 1993; Hughes & Queller, 1993; Queller et al., 1993; Strassmann et al.,
1996; Schlbtterer, 1998). After this, bacterial clones must be sequenced to obtain
the information from the flanking regions needed to design PCR primers.
Although microsatellite repeats can be abundant in the genome, the frequency of
microsatellite-containing clones in a random small insert library is low and it may
become necessary to screen many bacterial clones. For this reason, new
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methods have been developed to enrich a genomic library for clones with inserts
containing microsatellite repeats which reduces the necessity to screen
numerous bacterial clones (Ostrander et al., 1992; Karagyozov et al., 1993;
Armour et al., 1994; Kandpal et al., 1994; Kijas et al., 1994; Edwards et al., 1996;
Fleischer & Loew, 1996; Refseth et al., 1997; Schlotterer, 1998; Hamilton et al.,
1999). Not only do these enrichment strategies reduce the number of
manipulations involved in screening a large number of bacterial clones, but
enrichment strategies are particularly useful for finding trinucleotide and
tetranucleotide repeats which are recognized as occurring more rarely in
eukaryotic genomes (Schug, et al., 1998; Li et al., 2002) and for dealing with
species in which microsatellite repeats are uncommon. If the abundance of
microsatellite arrays in an organism is unknown the use of an enrichment
procedure would be a prudent course.
Another drawback to the use of microsatellites, especially for the
determination of population genetic structure, is the fact that despite the
advantages and power that they offer as a molecular marker, the utility of
microsatellite markers is only as good as the statistical theories and associated
methods that are used to analyze the data that they produce (Balloux & Lugon-
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Moulin, 2002). These methods, in turn, are based on a picture of the mutational
processes occuring at microsatellite loci that may be somewhat incomplete.
Many authors have undertaken the task of pointing out that we do not have a well
substantiated evolutionary model that can be applied universally to
microsatellites and that assumptions on which statistical analysis of microsatellite
data are based may not be met in all cases (see Goldstein & Schlotterer, 1999;
Chambers & MacAvoy 2000; Li et al., 2002). Some authors have even
questioned the selective neutrality of microsatellite markers (Li et al. , 2002).
Nevertheless, all authors have continued to support the value of microsatellites
as useful genetic markers and most authors feel that the present understanding
of microsatellite evolution and current statistical models are adequate to give us
meaningful results in most situations and that departures from mutational
assumptions may often lead to only trivial effects (Chambers & MacAvoy, 2000).
A final drawback relates to a variety of problems associated with the PCR
process itself which have become apparent over time. Non-amplification of
certain alleles due to substitutions, insertions, or deletions within the PCR
priming sites can lead to a situation were some alleles amplify poorly or not at all
- these result in the so called null alleles - and thus fail to be observed using
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standard gel assays (for examples see Callen et al., 1993; Paetkau & Strobeck
1995; Pemberton et al., 1995). In some cases, null alleles can be detected as
departures from classical mendelian inheritance, or as heterozygote deficiency
as predicted by Hardy-Weinberg rules. Once realized the problem can be
resolved by re-designing the primer(s) to bind somewhere else in the flanking
sequence. Note, however, that it is possible for null alleles to go unnoticed in a
study and that a departure from Hardy-Weinberg equilibrium may also be caused
by other factors such as population substructuring (the so called Wahlund effect).
Additional PCR related problems involve Taq polymerase-generated slippage
products which are routinely seen - these are responsible for the so called stutter
bands on microsatellite gels, Such stutter bands are especially common when
amplifying from mono- and dinucleotide microsatellite loci, and can sometimes
make allele scoring problematic (Schlotterer & Tautz, 1992; Gill et al., 1997).
Another PCR related problem is the tendency of Taq DNA polymerase to
occasionally add an extra dATP to the end of PCR products causing single base
shifts and additional sizing problems (Ginot et al., 1996).
Despite the drawbacks of the microsatellite technique, however,
microsatellites are widely recognized as useful genetic markers. The promise of
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a powerful, high resolution genetic marker makes microsatellites attractive even
though they are not always the easiest genetic markers to work with and their
popularity remains undiminished. Indeed, it was the expected advantages and
sensitivity of microsatellite markers that led to them being employed in this study
to look for population genetic structure within A. curtirostris populations in the
northeastern Pacific since lack of genetic structure revealed by microsatellites
would be more meaningful than lack of genetic structure detected with many
other types of genetic markers.

Cross Species Amplification
Library construction and screening may not be necessary if primer pairs
for microsatellite markers have already been developed for closely related
species. Priming sites in the flanking regions may be conserved among species
and microsatellite primer pairs frequently amplify homologous loci in related
species (e.g., Moore et al., 1991; Schlbtterer et al., 1991; FitzSimmons et al.,
1995; Tam & Kornfield, 1996; Wimberger et al., 1999). Such cross species
amplification has even been found to work across families (e.g., Valsecchi &
Amos, 1996; Jekielek & Strobeck, 1999; Winker et al., 1999).
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Microsatellite Evolution
Microsatellite Genesis
It is generally accepted that microsatellites arise from regions of cryptic
simplicity (Messier et al., 1996; Chambers & Macavoy, 2000; Schlotterer, 2000)
as short "proto-microsatellites" begin to expand to give rise to a microsatellite
array. This expansion may be seeded by a point mutation that pushes the protorepeat over a threshold and allows the expansion. Several studies have indicated
that mono- di- and tetranucleotide tracts made up of around eight nucleotides in
total length are at a minimum necessary for expansion to occur (see Rose &
Falush, 1998). Some authors, however, feel that a minimum number of repeats is
not required for expansion (Pupko & Graur, 1999). Nevertheless, all authors see
the genesis of microsatellites as the result of random point mutations followed by
mutational events (e.g. relatively rare slippage events during replication) that
extend a short proto-microsatellite. A noteworthy study of primates (Messier et
al., 1996) illustrates the process of proto-microsatellites giving rise to full-fledged
microsatellite arrays. The proto-microsatellite examined consisted of a single
tetranucleotide repeat unit together with four dinucleotide repeats and this was
seen to be the ancestral state. In most species this proto-microsatellite persisted,
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but in some species the proto-microsatellite developed into a tetranucleotide
repeat array. Interestingly, in one distantly related species the proto-microsatellite
was replaced by a pure dinucleotide tract.
An additional aspect important to the idea of microsatellite genesis is the
concept of an upward bias towards expansion, which is active at least at lower
repeat numbers. If the size of a microsatellite array is to increase over time, then
gain of repeat unit mutations must occur more frequently than loss of repeat unit
mutations.
Mechanism of Length Variation
It is now well established that the predominant mutation mechanism active
in microsatellite arrays is "slipped-strand mispairing" (Levinson & Gutman,
1987a; see also reviews by Chambers & Macavoy, 2000 and Schlotterer, 2000).
This process has been well described by Eisen (1999). The "slippage" takes
place during replication when the growing DNA strand temporarily dissociates
from the template strand. When non-repetitive sequences are being replicated
this does not pose a problem because there is only one way in which the nascent
strand can re-anneal precisely to the template strand before replication
continues. However, if the segment of DNA being replicated consists of a repeat,
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the dissociated strand may re-anneal out of phase with the template strand.
When replication begins again after such a misalignment, the copy of the
template strand will be shorter or longer than the original template strand. This is
dependent on whether or not mis-annealing gives rise to looped out bases in the
template strand, in which case the new product will be shorter, or the nascent
strand, in which case it will be longer.
A competing, but not necessarily mutually exclusive, mechanism proposed
for generating the variation seen at microsatellite loci is recombination between
DNA molecules (Harding et al., 1992; for reviews see Hancock, 1999; Eisen,
1999; and Li et al., 2002). Recombination could potentially change microsatellite
length by unequal crossing over or by gene conversion (Brohele & Ellegern,
1999; Jakupciak & Wells, 2000; Richard & Paques, 2000). These
recombinational changes, if they occur, could be responsible for large shifts in
the number of repeat units and it is possible that the overall mutation
characteristics of various microsatellite loci may be the result of an interaction of
both slippage and recombination events. The efficiencies of the two mechanisms
may depend on environmental conditions since various factors have been found
to affect the rate of mutations at microsatellite loci including repeat motif, allele
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size, chromosome position, GC content in flanking DNA, sex, and genotype (Li et
al., 2002). Nevertheless, most length changes at microsatellite loci are thought to
be due to slipped strand mispairing. Perhaps the strongest evidence for the
primary role of replication slippage in the generation of microsatellite length
mutations comes from the genetic analysis of the process in yeast and E. coli. In
both systems, the degree of length instability of the tandem repeats is unaffected
when mutants with much lower frequencies of recombination are examined
(Levinson & Gutman, 1987b; Henderson and Petes, 1992). On the other hand,
mismatch repair mutants, which impair the ability of the replication enzymes to
detect looped out bases causes by slippage, greatly destabilize microsatellite
arrays in both yeast and E coli (Levinson & Gutman 1987b; Strand et al., 1993;
Strand et al., 1995).

Microsatellite Mutation and Mutation Rate
Microsatellite mutation - a change in the number of repeat units in one of
the various arrays - occurs at an estimated rate of 1

o-

6

to 10-2 events per locus

per generation (Hancock, 1999; Schlbtterer, 2000) and such mutation is therefore
significantly more likely than typical base substitution. While it would be expected
that progeny would have the same alleles as the parent organism, mutations are
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frequent enough that a variety of alleles will appear in a population. Microsatellite
mutations are therefore common. Indeed, in vitro experiments have
demonstrated that DNA slippage occurs at extremely high rates (Schlbtterer &
Tautz, 1992), with the discrepancy between the very high mutation rate expected
of microsatellites due to invitro studies and the observed rate of 10-5 to 10-2 in
nature being explained by the presence of a mismatch repair (MMR) system. It
has been shown that a functional MMR system reduces the mutation rate of
microsatellites between 100- and 1000-fold (Strand et al., 1993). In vitro mutation
rates are therefore the result of the two factors of slippage rate and the efficiency
of the mismatch repair system.
As has been described, the topic of the mechanism and dynamics of
microsatellite mutations is still controversial, but based on theoretical and
experimental studies some consensus has emerged (see reviews by Amos,
1999; Estoup & Cornuet, 1999; Chambers & MacAvoy, 2000 Schlbtterer, 2000).
These studies show that mutations at microsatellite loci generally involve the
addition or loss of only one repeat unit at a time, or occasionally the gain or loss
of just a few repeats, and that the mutation process is upwardly biased.
Additionally, microsatellite loci with higher repeat counts appear to be associated
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with higher mutation rates , presumably because of the opportunity for a
misaligned configuration due to slipped strand mispairing is greater for longer
repeats.
Although it was originally assumed to be so, the rate of microsatellite
mutation is clearly not the same for all microsatellite loci and may differ between
species as well (Di Rienzo et al. , 1998; Harr et al. , 1998; Amos , 1999; Eisen,
1999; Harr & Schlbtterer, 2000) . Factors that have been suggested to contribute
to the observed differences in mutational rates at microsatellite loci include
sequence of the repeat motif, length of the repeat array, purity of the array, GC
content in flanking DNA, chromosome position, cell division (mitotic vs. meiotic),
sex, and mutations in mismatch repair genes (Schlbtterer, 2000; Li et al., 2002).
As previously noted , microsatellite instability can represent a balance
between the generation of replication errors by slip-strand mispairing and the
correction of these errors by the MMR system which can recognize and repair
looped out bases caused by replication slippage. The MMR system has been
shown to have a greater impact on microsatellite stability than exonucleolytic
proofreading functions which are largely blind to replication slippage errors
(Eisen, 1999). It is therefore the potential differences in the mismatch repair
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system (MMR genes) that is the best explanation for differences in microsatellite
mutation rates seen between species. The efficiency of the MMR system is
expected to modulate the evolutionary rate at microsatellite loci, and indeed,
several studies have linked microsatellite instability in humans to MMR genes
(reviewed by Li et al., 2002) When these genes mutate or become defective,
mutations at microsatellite loci increase. This process is seen in human tumors
(Sia, 1997) and several recent papers have discussed the dangerous relationship
between defective MMR, microsatellite instability and human cancer (Li et al.,
2002). In Drosophila melanogaster, flies lacking the spell gene (a gene in the
mutS subfamily of genes whose gene product MutS promotes correction of DNA

mismatch), displayed a highly increased instability in long runs of dinucleotide
repeats, when analyzed after 10-12 generations (Flores & Engles, 1999). The
effectiveness of the mismatch DNA repair system can be influenced by the
genomic location of mismatch, by the DNA surrounding the mismatch, the
presence of strand recognition signals, methylation state, etc. (reviewed by
Eisen, 1999). Interestingly, the MMR system which limits mutation at
microsatellite loci, is itself vulnerable to microsatellite mutations since it has
microsatellite arrays in its own coding regions (Chang et al., 2001 ). Differences in
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the MMR system among species and populations have been documented (Harr
et al., 2000; Li et al., 2002). For example many strains of E. coli are, in the
natural environment, defective in the MMR system (Matic et al., 1997). Since
mismatch recognition is involved in other cellular processes such as the
regulation of interspecies recombination, there may be various selective
pressures affecting cellular changes that lead to variation in MMR capabilities
within a species (Eisen, 1999).

Microsatellite Biology
Individual microsatellite arrays are often visualized as having a so called
"life cycle" (Amos, 1999; Chambers & MacAvoy, 2000). They are born, they
grow, then ultimately perish, possibly to rise again but not necessarily as the
same type of repeat array. These events are thought to stretch over tens, or even
hundreds of millions of years (Messier et al., 1996; Primmer & Ellegren, 1998). In
summary, microsatellites are born from regions of cryptic simplicity as point
mutations create a situation in which a microsatellite array can form and begin to
expand. Most mutations that occur at these new microsatellite loci (i.e. replication
slippage events) are quickly repaired by cellular repair processes such as the
MMR system. Nearly all of the unrepaired mutations are additions or subtractions
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of one repeat unit. Obviously, for the repeat to grow and not disappear, it must
have a net gain of + 1 mutations. As has been mentioned, the process of slipped
strand mispairing and/or recombination alone does not provide a full picture of
the mutation process at microsatellite loci. Not all slipped strand mispairing
become mutations, some are "repaired" by the cell's mismatch repair system
(MMR) which has been shown to recognize looped out bases such as those that
would be produced by slip strand mispairing. It is the MMR proteins acting to
correct and therefore prevent replication errors and to inhibit recombination
between DNA molecules (Eisen, 1999) which determine when mutations occur.
The mutation process of a microsatellite array can therefore be considered to be
a balance between the generation of replication errors due to slipped strand
mispairing and the correction of some of these errors by MMR enzymes. Such a
mechanism could explain how an upward or expansion bias could occur. If gain
of repeat mutations were repaired less frequently that loss of repeat mutations as has been proposed by some authors (Chambers & MacAvoy, 2000) - then the
net effect would be expansion. Such a mechanism is necessary and essential at
the beginning of a microsatellite's life.
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As the microsatellite array grows, it is subjected to the possible addition of
multiple repeats, or the deletion of large sections, or possibly nucleotide
substitutions. These latter effects tend to reduce the size of the microsatellite
array and may be more active at higher repeat numbers resulting in an upper
barrier to microsatellite expansion. Eventually such mechanisms may act to
produce the death of a microsatellite array (Amos, 1999).

Microsatellite Mutation Models
Our increasing understanding of microsatellite evolution allows the
application of mutation models to describe the changes at microsatellite loci (see
Jarne & Lagoda, 1996; Estoup & Cornuet, 1999), and these models in turn can
be used to develop test statistics reflecting genetic structuring. The value of
these statistics and subsequently inferred measures of gene flow (e.g. Nm) is
somewhat dependent on an accurate mutational model. Two extreme mutational
models have been developed by population geneticists - the infinite allele model
(IAM; Kimura & Crow, 1964) and the stepwise mutation model (SSM; Kimura &
Otha, 1978) - and both have been applied to microsatellites.
In the IAM, each mutation creates a novel allele at a given rate u. It can be
seen therefore that the IAM model does not allow for homoplasy. Identical alleles
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share the same ancestry and are identical by descent. This is not true of other
mutational models. Note that the IAM is a special case of what is know as the Kallele model (KAM). In the K-allele model the number of possible alleles is K. The
probability that any allele will mutate to any other (K - 1) allelic state is identical.
Hence, a given allele will mutate to any of the remaining alleles at a rate u I (K 1). The KAM model allows for homoplasy, that is, alleles that are identical in state
but not identical by descent, except in the special case of the IAM where K

= =.

In the SSM, each mutation creates a novel allele either by adding or deleting a
single repeated unit of the microsatellite, with an equal probability

u I 2 in both

directions. Consequently, alleles of very different sizes will be more distantly
related than alleles of similar sizes. Therefore, unlike the IAM/KAM mutational
models, the SSM has a memory of allele size.
Based on the knowledge of mutational changes occurring at microsatellite
loci, the SSM seems to best describe the mutational processes seen at various
microsatellite loci. This is because each new allele is dependent on the previous
allele. Even so, no consensus has been reached as to which theoretical mutation
model fits microsatellites best (Estoup & Cornuet, 1999; Chambers & MacAvoy,
2000; Balloux & Lugon-Moulin, 2002) In fact, neither of the two extreme mutation
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models proposed by population geneticists - the IAM or SSM - appears to
perfectly account for the observed patterns of microsatellite mutations seen in
nature (Chambers & MacAvoy, 2000; Balloux & Lugon-Moulin, 2002; Li et al.,
2002) and more realistic mutation models may be needed.
A variation of the SSM model - the two-phase model (TPM) - has been
put forth (Valdes et al. , 1993; Di Rienzo et al., 1994) to account for occasional
larger mutational events (that is, addition or deletion of several repeat units). In
this model, mutations increase or decrease allele size by one repeat with a
probability

p, and increase or decrease allele size by k repeats with a probability

(1 - p) with kfollowing some probability distribution (Di Rienzo et al, 1994).
Models incorporating other factors such as biased mutational processes and
upper and lower range constraints have also been developed (reviewed by
Chambers & MacAvoy, 2000) but these are likely only the first steps to a mature
theory.
Regardless of the lack of consensus and a the lack of a solid framework
necessary to explain microsatellite evolution, most authors feel that current
models give an accurate approximation of what is occurring at microsatellite loci
(Chambers & MacAvoy, 2000). Distance measures such as FsT (which is based
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on the IAM) and Rsr (an Fsr analogue developed for microsatellites based on the
SSM) are generally perceived as having a biological meaning, although the
preferred measure when Fsr and Rsr substantially differ is a current topic of
debate (e.g. Gaggiotti et al., 1999). In addition, because mutational processes
may vary substantially between loci (Li et al., 2002), it is questionable whether or
not any one single mutational model can universally account for microsatellite
mutation (Chambers & MacAvoy, 2000; Balloux & Lugon-Moulin, 2002; Li et al.,
2002). This calls into question the usefulness of any new more complex models
of microsatellite mutation.
For phylogenetic reconstructions, reliable genetic distance estimates are
also what is required (Goldstein & Pollock, 1997). Some distance measures such
as Cavalli-Sforza and Edwards (1967) chord distance (De) are empirical and
based on no explicit evolutionary model. Others, however, such as Nei's D (Nei,
1987), are based on the IAM and still others are based on the SSM (see
Goldstein, 1995). Empirical measures such as De are currently viewed as
superior since they do not depend on the accuracy of underlying mutational
models (Takezaki & Nei, 1996; Nielsen et al., 1999; Kalinowski, 2002).
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Microsatellites in Decapod Species
To this point, microsatellite studies involving decapods have been
conducted primarily within the shrimp family Penaeidae (suborder
Dedrobranchiata), with the focus mostly on species of economic importance
(Table 4). The family Penaeidae includes several species that are very important
to a large worldwide aquaculture industry and also species which make up
important fisheries. These studies of penaeid decapods are supplemented by a
handful of studies in the suborder Pleocyemata - these include a few studies of
lobster species (Tam & Kornfield, 1996; Steiff et al., 2001 ), a scattering of studies
on brachyuran crabs (Urbani et al., 1998; Gopurenko et al., 2002; Hanfling &
Weetman, 2003), and an increasing number of studies involving crayfish (see
Imgrund et al., 1997; Baker et al., 2000; Belfiore & May, 2000; Gouin et al.,
2000). No studies have been conducted on shrimp within the group Caridea
(suborder Pleocyemata). Most of the microsatellite studies involving penaeids
which have been carried out to date have been aimed at determining population
genetic structure (Benzie, 2000b). Information regarding genetic structure is
useful for determining stock structure in fisheries and the information is also
important for aquaculture since wild populations are currently the primary source
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Table 4. Dendrobranchiate shrimp species from which microsatellites have been
isolated. All are in the family Penaeidae.

Species

Reference

Type of repeat

Litopenaeus setiferus

Ball et al., 1998

dinucleotide

Litopenaeus stylirostris

Vonau et al., 1999

dinucleotide

Litopenaeus vannamei

Garcia & Alcivar-Warren, 1996

dinucleotide

Garcia et al. , 1996

tri-, tetranucleotide

Bagshaw & Buckholt, 1997

pentanucleotide

Le Chevalier et al., 2000

di-, hexanucleotide

Cruz et al, 2002

di-, tetranucleotide

Marsupenaeus japonicus

Moore et al., 1999

di-, trinucleotide

Penaeus monodon

T assanakajon et al., 1998

din ucleotide

Xu et al. , 1999

di-, tri-, tetra-,
hexanucleotide

Brooker et al. , 2000

di nucleotide

Whan et al., 2000

tri-, pentanucleotide

Xu et al. , 2001

di-, tri-, tetra-,
hexanucleotide
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of broodstock. In the future, it is expected that microsatellite markers will greatly
assist aquaculture research involving the Penaeidae by helping to select
broodstock, establish pedigrees, monitor inbreeding levels in breeding programs,
and develop genetic linkage maps (Wolfus et al., 1997; Moore et al. , 1999; Xu et
al., 1999; Bierne et al., 2000; Brooker et al., 2000).
Microsatellites in penaeid shrimps have been found to be abundant. All
types of microsatellite sequence have been found including di-, tri-, tetra-, and
hexanucleotide sequence (Table 5). Many repeat arrays were found to be of
simple composition consisting of perfect uninterrupted stretches of identical
repeats. Imperfect and compound repeats, however, are also very common .
One of the most interesting characteristics of microsatellites in penaeid shrimps
is their extreme length. Dinucleotide repeats in Penaeus monodon were found to
be much longer than those in mammals and other species (Tassanakajon et al.,
1998) and the occurrence of many compound microsatellites in penaeids serves
to further increase the length of various repeat arrays. Some authors have
reported the occurrence of long and complex microsatellite sequences with
flanking sequence that is sometimes interspersed with smaller segments of
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Table 5. Common repeat motifs previously isolated from penaeid shrimp.

Length of repeat unit

Motif

2

CA/GT
CT/GA
TA/AT

3

CAA/GTT
CTT/GAA
TAT/ATA
TGTA/ACAT

4

TTTA/AAAT
TTTC/AAAG
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repetitive DNA (Tassanakajon et al., 1998; Brooker et al. , 2000). Most studies
have reported high levels of polymorphism for microsatellite loci in penaeids with
the presence of many alleles, heterozygosities often greater than 90% and
ocasionally heterozygosities approaching 100%. This is consistent with the
current understanding that higher repeat unit counts appear to be associated with
higher microsatellite mutation rates (Weber, 1990; Wierdl et al., 1997; Estoup &
Cornuet, 1999; Zhu et al., 2000).
The abundant and varied microsatellites present in penaeid shrimps are
similar to those found in other animal taxa studied, but microsatellite sequences
in penaeid shrimps appear to be atypical in length and complexity with a high
percentage of shrimp microsatellites being long and/or compound as well as
sometimes being extraordinarily complex. The extreme length and complexity
found in penaeid shrimp microsatellites may present challenges to their practical
use-particularly for creating genetic linkage maps which require large numbers
of marker loci (Tassanakajon et al., 1998; Moore et al., 1999). The lack of
relatively short simple repeats makes usable markers technically difficult to
obtain since many isolated positive clones will contain useful flanking sequence
only on one side of a microsatellite repeat and this prevents the design of a
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primer pair. Such a problem may be overcome by cloning longer inserts - a
strategy that was used in this study. However, the sequencing of longer inserts is
more laborious and may require the design of internal primers. A long
microsatellite may also present a problem if it results in PCR amplification
products that are too large to be conveniently separated and sized by various
polyacrylamide gel systems. Furthermore, compound and complex loci may
result in banding patterns that are difficult to score and interpret as mutations in
different parts of the microsatellite array interact to produce a variety of alleles many of which may be identical in length.
It is possible that the unusually high percentage of long microsatellite
sequences reported from penaeid shrimp may be the result of a selection bias
due to the method of isolation. During screening, high stringency conditions may
lead to a preference for choosing clones with inserts that have long
microsatellites. Xu et al. (1999) isolated microsatellites from Penaeus monodon
genomic libraries by direct sequencing of random clones without screening. A
large number of different microsatellite repeats were found revealing not only an
abundance of microsatellite repeats, but also the presence of many shorter
repeats with flanking sequence suitable for primer design. It is clear, however,
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that long and complex microsatellites are a major component in penaeid shrimp
genomes.
Whether or not the somewhat unique characteristics of microsatellite
arrays within the Penaeidae are typical of other decapod crustaceans is unclear,
but microsatellite sequence reported from lobsters, crabs, and crayfish (suborder
Pleocyemata) is not inconsistent with the expectations one would have for
penaeied microsatellite arrays. Examination of reported microsatellite sequence
from these other decapods also shows a tendency toward long and/or compound
microsatellites with many of the loci characterized - mostly dinucleotide loci having moderately long repeat arrays (30 - 40 repeat units) some of which are
compound or complex (Tam & Kornfield, 1996; Imgrund et al., 1997; Urbani et
al., 1998; Baker et al., 2000; Belfiore et al., 2000; Gouin et al., 2000; Steiff et al.,
2001; Gopurenko et al., 2002; Hanfling & Weetman, 2003). In fact, all but one of
the five dinucleotide repeats reported from the mud crab Scylla serrata were
moderately long - around 40 repeat units (Gopurenko et al., 2002). Overall,
however, in the relatively fewl isolations of microsatellite arrays from the suborder
Pleocyemata, abundance, length, and complexity were not reported to the same
extreme degree that has been reported in the Penaeidae.
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There is a distinct possibility that longer and more complex microsatellite
arrays are present in members of the Pleocyemata, and yet are not being
reported in the short one to two page notes being published. There would likely
be a bias against long and complex microsatellites since these sequences are
potentially less useful repeat sequences and the discovery of such microsatellite
arrays does not fit with expectations based on experience with animal species in
other taxa. In many cases the goal of the research could have been met by
ignoring microsatellite repeat arrays that were long, complex, and not amenable
to characterization.
An examination of the organization of microsatellite repeats in penaeid
shrimp sequence reveals some interesting characteristics beyond abundance,
length and complexity. Although most reported microsatellite arrays consist of
dinucleotide, trinucleotide and tetranucleotide repeats, pentanucleotide,
hexanucleotide, and extra long repeat units have also been observed.
Pentanucleotide repeats have been found in Penaeus monodon and Litopenaeus
vannamei and a hexanucleotide repeat has been found in P. monodon.
Additionally, a microsatellite with an extra long repeat unit-an octanucleotide
(ATTTATTC) 5-was found in P. monodon (Xu et al., 1999). All long repeats were
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found by chance and the frequency and usefulness of such repeats needs to be
determined. Some authors have suggested that there may be an association or
clustering of microsatellites in some genomic regions with microsatellite repeats
having a non-independent distribution in the eukaryotic genome (Esto up et al.,
1993; Bell& Ecker, 1994; Ames et al., 1995; Fisher et al., 1996; Primmer et al.,
1997; Hamilton & Fleischer, 1999; see also for review Li et al., 2002). Evidence
of these types of clusters has been seen in penaeid shrimp species. Brooker et
al. (2000) reported the isolation of two clones which contained two separate
microsatellite arrays.
The range of microsatellites, both long and short, present in penaeid
shrimp species makes it possible to select loci for specific applications. Short
microsatellite markers with fewer alleles can, if found, be well suited for
population genetic studies. The longer, more variable microsatellites may be
more appropriate for such things as genetic mapping, determination of
parentage, and pedigree analysis. Imperfections and compound arrangements
may also affect the level of polymorphism and thus the utility of the marker.
Interrupting bases in imperfect microsatellites appear to decrease the mutation
rate by reducing the likelihood of DNA slippage during replication (Estoup &
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Cornuet, 1999). For many penaeid shrimp microsatellites, this should result in
lower levels of polymorphism than would be expected of a pure repeat tract with
a similar number of repeat units. Overall, shrimp microsatellites - at least those
present in species of penaeid shrimps - are abundant and highly polymorphic
and should be useful for various molecular genetic studies including the
determination of population genetic structure. This is particularly true if individual
microsatellite loci are selected from a group of isolated repeat arrays in such a
way that the developed microsatellite markers have specific characteristics (e.g.
length) which make them suitable to answer the research questions posed. Such
a strategy was kept in mind when trying to develop microsatellite loci for the
caridean shrimp Acanthephyra curtirostris.
The typical value of previously characterized penaeid microsatellite loci as
a source of primer pairs for related shrimp species remains to be determined.
Mitochondrial DNA analysis (Palumbi & Benzie, 1991; Baldwin et al., 1998)
suggests that morphological similarity in penaeids masks large genetic
differences. Failure of microsatellite loci to amplify across species in penaeid
shrimps may also point to large genetic divergence among taxa. Moore et al.
(1999) tested microsatellite markers developed for Marsupenaeus japonicus in a
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number of penaeid species and found the markers to be species specific. Three
microsatellite primer pairs developed for Litopenaeus stylirostris failed to amplify
in P. monodon and L. vannamei (Vonau et al., 1999) and heterologous
microsatellite loci from both P. monodon and M. japonicus failed to amplify
products in L. stylirostris (Bierne et al. , 2000). Nevertheless, cross species
amplification has been reported. A primer pair originally developed for L.
vannamei has proved useful in L. stylirostris (Bierne et al., 2000) and of six loci
developed for Litopenaeus setiferus, four were found to amplify in at least one
other penaeid species and two produced strong PCR products in
Farfantepenaeus aztecus, Farfantepenaeus duorarum, L. vannamei, and L.
stylirostris (Ball et al., 1998). Two microsatellite primer pairs developed from
coding regions in P. monodon, which are presumably more conserved, have
been found to amplify products in Penaeus esculentus, Penaeus semisulcatus
and Fenneropenaeus merguiensis (Whan et al., 2000).
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MATERIALS AND METHODS
Finding Microsatellites
Strategy

The simplest means of identifying microsatellites in a particular organism
is by searching through previously described sequences or testing microsatellite
primer pairs developed for closely related species. Since no previously described
sequence information is available for oplophorid shrimps and since no
microsatellite primers have been developed for any caridean shrimps (including
oplophorids), a fresh approach to the isolation of microsatellite loci in
Acanthephyra curtirostris was required. Two different tracks towards the isolation
of microsatellite repeats in A. curtirostris were undertaken. The first track
involved the use of traditional techniques which, although labor intensive, are
recognized as robust and dependable. Traditional protocols (Rassmann et al.,
1991; Estoup et al., 1993; Hughes & Queller, 1993; Queller et al., 1993;
Strassmann et al., 1996; Schlbtterer, 1998) use standard molecular techniques
and have proved successful in a wide variety of eukaryotic organisms. In this
study, variations based on the protocol provided in Strassmann et al. (1996) were
employed to search for microsatellites using traditional techniques. A flowchart
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showing the steps used in this study for the isolation and characterization of
microsatellites by the traditional method is shown in Figure 9a and 9b and the
steps are detailed in the following sections.
A second track pursued was the use of more recent enrichment protocols.
Enrichment protocols potentially offer several advantages over traditional
methods for finding microsatellites. The principal advantage is that only DNA
fragments that have been pre-selected for the presence of a microsatellite motif
are cloned into a sequencing vector. Therefore, fewer clones need to be
screened in order to detect a sufficient number of useful microsatellite loci. The
enrichment technique used in this study was that of Fischer and Bachmann
(1998) and was based on subtractive hybridization using biotinylated
oligonucleotide sequences bound to streptavidin coated magnetic beads. A
detailed protocol and figures outlining this procedure are available in Fischer and
Bachamann's paper (1998) and at the web address http://www.ipkgatersleben.de/~fischerd/.

Enrichment techniques based on subtractive

hybridization are attractive and such strategies are being increasingly utilized to
locate new microsatellite arrays in various species. Indeed, many current reports
of new characterizations of microsatellite loci are based on these techniques (for
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Figure 9a. Overview of the steps in the protocol used for the
isolation and characterization of microsatellites from Acanthephyra
curtirostris. Generation of a partial genomic library.
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Figure 9b. Overview of the steps in the protocol used for the
isolation and characterization of microsatellites from Acanthephyra

curtirostris. Screening for clones with microsatellites and
characterization .
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examples see Piertney et al., 1998; Casey & Burnell, 2001; Jones et al., 2002;
Boneh et al., 2003; Paulus & Tiedemann, 2003).
Preparation of DNA for Cloning
A. Large Scale DNA Extraction

Total genomic DNA from one hawaiian A. curtirostris individual was
isolated from ethanol-preserved tissue using a phenol/chloroform extraction
technique (Protocol 2.1, Appendix 2). While the use of fully developed
microsatellite markers to genotype individuals requires very little DNA and can
indeed be accomplished using low quality DNA from degraded tissue samples,
the isolation and characterization of new markers requires a large amount of high
molecular weight DNA and thus a sizable amount of well preserved tissue. High
molecular weight DNA is necessary to ensure DNA restriction fragments isolated
for insertion into a vector have appropriate overhanging ends after restriction
digest. In addition, a large amount of DNA is needed since in the various
preparation steps for cloning, a substantial amount of DNA is lost during size
selection, visualizations, and various clean-up procedures. It is therefore
necessary to start a project with an amount of tissue and DNA that is great
enough to yield the required amount of DNA for cloning even after the different
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processing steps. For this reason, phenol/chloroform extractions were carried out
in 15 ml polypropylene Falcon tubes that allowed volumes to be scaled up from
standard protocols to give a greater amount of isolated DNA.

B. Verification of DNA Quality and Quantification
After the phenol/chlorform extraction, the quality of the isolated DNA was
checked by electrophoresis on a 0.8% agarose gel (0.5X TBE). Small portions of
the DNA isolated (4 µI of the sample and 4 µI of a 1/101h dilution of the sample)
were added to 6 µI of deionized water and 4 µI of Type 11 loading buffer
(Sambrook et al., 1989) and loaded in lanes next to known quantities of DNA size
standards. Upon staining with an ethidium bromide solution (0.5 µg/ml), high
molecular weight DNA - fragments greater than 12 Kb - was found to be present
in abundance with minimal shearing. DNA was further quantified using a Hoefer
TKO 100 mini-fluorometer (Protocol 3., Appendix 2) and was found to be at a
concentration of slightly more than 0.5 µg/µI.

C. Restricton Digest
When searching for microsatellites, the goal of genomic DNA restriction is
a collection of relatively small DNA fragments (less than 700 base pairs) that can
be cloned into a vector and sequenced. Generally people find it more desirable to
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search a large number of clones with small inserts (few of which contain
microsatellites) that are easy to sequence across than to search fewer clones
with large inserts (many to most of which will contain microsatellites) that are
difficult to sequence in their entirety. Small fragments of DNA are created by
restricting the target genome with restriction enzyme(s) that cut frequently and by
running the restriction digest to completion so that all possible cuts are made.
Restriction enzymes that have a four base pair recognition sequence are
assumed to cut more frequently in any given genome since their recognition
sequence is more likely to occur by chance than one of five or six base pairs.
Sau3A is a 4 cutter restriction enzyme with the recognition sequence GATC.
Preliminary testing showed that this enzyme was effective in chopping up the A.
curtirostris genome.
Exploratory restriction digests were carried out in 1O µI total reaction
volumes containing 5.9 µI deionized water filtered through a .22 µm disposable
vacuum filter unit (Millipore), 1 µI of the supplied 1OX Sau3A I restriction buffer,
0.1 µI of the supplied 1OOX BSA solution, 2 µI of genomic DNA (0.5 µg/µI
concentration), and 1µI of Sau3A I from New England Biolabs (enzyme was at
10 units/µI). Incubation was at 37 °C for 4 hours. Control restriction digests of
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genomic DNA, which differed in lacking Sau3A I, were also carried out. Results
were examined on a 1% agarose minigel (0.5X TBE) by loading 5 µI of restriction
digest plus 3 µI of Type 11 loading buffer (Sambrook et al., 1989) per well and
staining with an ethidium bromide solution (0.5 µg/ml). Size estimation was
accomplished by running lanes of a 1 kb ladder (Gibco BRL) and a 50 bp step
ladder (Sigma Chemical Company). Comparison of cut and uncut DNA showed
extensive restriction with cut DNA showing a diffuse smear of fragments in all
size ranges. A significant amount of the fragments were within the target size
range. No other enzymes or enzyme combinations were tested.
After deciding to proceed with the enzyme Sau3A I, a larger scale
restriction digest was prepared in a 70 µI reaction volume using 15.5 µI of
deionized water filtered through a .22 µm disposable vacuum filter unit (Millipore),
7 µI of the supplied 1OX Sau3A I restriction buffer, 0.5 µI of the supplied 1OOX
BSA solution, 40 µI of genomic DNA (0.5 µg/µI concentration), and 7 µI of
Sau3A I from New England Biolabs (enzyme was at 10 units/µI). Incubation was
at 37 °C for 8 hours. The entire restriction digest was loaded next to size
standards on an 8% polyacrylamide gel for size selection of restriction fragments.
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D. Size Selection
The selection of the exact size of fragments to be cloned into the
sequencing vector represents a trade-off between the need to have inserts that
are small and easy to sequence and the need to have inserts that are large
enough to have plenty of flanking sequence for primer design. The size of DNA
inserted into a plasmid should not be longer than can be sequenced using
forward and reverse primers that complement sites in the vector. However, if the
inserted DNA is too short, the chance is increased that any microsatellite repeats
present will occur so close to the edge of the insert that flanking PCR primers
cannot be designed. Typically, genomic DNA inserts between 300 and 600 base
pairs are considered to be a good compromise. In the case of shrimp, however,
in which microsatellite repeats seem to be generally long and complex, and in
which some authors have reported that flanking regions may often be
interspersed with smaller segments of repetitive DNA (Tassanakajon et al., 1998;
Brooker et al., 2000), it may be advisable to clone somewhat longer inserts. The
assurance of a high probability of getting a useful length of flanking sequence on
both sides of any repeat located balances concerns of increased difficulty in
sequencing. A single sequencing attempt may often be enough to detect the
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presence of a microsatellite even if it does not return readable sequence for the
entire fragment. If necessary, internal primers can be designed to obtain the rest
of the sequence. In light of these concerns, it was decided to select DNA
fragments from A. curtirostris between 500 and 1500 bp for cloning.

1. Separation of DNA Restriction Fragments by Electrophoresis
A size fractionation of restricted fragments was performed by
nondenaturing polyacrylamide gel electrophoresis using an 8% polyacrylamide
gel (1 X TBE). The gel was run using a relatively large format vertical slab gel unit
(Hoefer SE 600 series from Amersham Pharmacia) with 1.5 mm spacers and
comb. The comb used was one with extra wide teeth allowing the formation of
large wells with a capacity of about 150 µI. The entire restiction digest was added
to the gel using one well with blank wells on each side. Total volume loaded on
the gel was 110 µI with 70 µI from the restriction digest combined with 40 µI of
Type II loading buffer (Sambrook et al., 1989). Size standards used were a 1kb
ladder from Gibco BRL and the 015 marker from Novagen which were loaded in
nearby lanes. After electrophoresis for 3.5 hours at 200 volts, the gel rig was
disassembled and the glass plates carefully pried apart so that the gel was still
attached to one plate. The gel was stained while still attached to the glass plate
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with an ethidium bromide solution (0.5 µg/ml) in a clean gel tray for 1O minutes
(no shaking), then destained by soaking in deionized water for about 30 minutes
to remove nonintercalated ethidium bromide and decrease the background
absorption. After the destaining process, the gel and plate were removed and gel
carefully covered in plastic wrap. The gel and plate were then inverted and
placed on a UV transilluminator to visualize the restricted DNA. Keeping UV
exposure to a minimum, the gel region containing appropriate sized DNA
restriction fragments (500 -1500 bp) was located and cut out using a clean razor
blade. The gel section was placed in a disposable plastic dish. The remainder of
the gel was then photographed for reference to verify that the correct region of
the gel had been selected.

2. Electroelution of DNA Fragments from the Polyacrylamide Gel
Size selected DNA restiction fragments were extracted from the
polyacrlamide gel by electroelution using a protocol modified from Ausubel et al.
(1999). Following electrophoresis, the selected region of polyacrylamide cut from
the gel was sliced into narrow strips using a clean razor blade. The gel strips
were placed in a length of dialysis tubing (Spectra/Per molecularporous
membrane tubing MWCO 8,000 Daltons), which had been previously soaked in
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0.1 X TBE, along with enough 0.1 X TBE to surround and immerse the gel slices
(around 2 ml). The ends of the tube were sealed with plastic clips (also from
Specra/Por). The bag of gel slices was then placed in a small horizontal
electrophoresis apparatus (well cleaned) and covered with 0.1 X TBE buffer. The
bag was electrophoresed for 24 hours at 200 volts to move DNA fragments out of
the gel slices and into the dialysis bag. After electrophoresis the fragments were
recovered by removing the 0.1 X TBE buffer from the dialysis bag after first
reversing the polarity of the electrophoresis apparatus for 20 seconds to free any
DNA fragments bound to the walls of the dialysis tubing. The 0.1 X TBE buffer
containing the eluted DNA fragments was transferred to a 15 ml polypropylene
Falcon tube using a polypropylene disposable Pastuer pipet. The dialysis tubing
and gel slices were rinsed to recover residual DNA with 1 ml of 100 mM
ammonium acetate and this rinse was transferred to the 15 ml Falcon tube as
well.
3. Concentration of DNA Fragments using Butanol

It is generally inconvenient to work with large volumes or dilute solutions
of DNA. Water molecules (but not DNA or solute molecules) can be removed
from aqueous DNA solutions by extraction with sec-butanol (2-butanol) which will
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reduce volume and concentrate the DNA. Butanol extractions must be performed
in polypropylene since butanol will damage polystyrene. An equal volume of
butanol was added to the 15 ml Falcon tube containing eluted DNA fragments in
0.1 X TSE. The tube was inverted several times to mix the organic and aqueous

phases and then spun in an IEC Clinical Centrifuge at 3000 rpm (:::::1500 x g) for 3
minutes to separate the phases. After centrifugation the upper (sec-butanol)
phase was removed with a disposable polypropylene Pastuer pipet and
discarded. The butanol extraction process was repeated 3 times until the
aqueous volume had been reduced to less than 0.8 ml at which point the
aqueous phase was transferred to a 1.5 ml polypropylene microcentrifuge tube.
A final butanol extraction was performed by adding an equal volume of butanol
(filled tube), mixing by inversion, and spinning in a microcentrifuge for 20
seconds at 13000 x g. The aqueous phase - now less than 500 ml - was
removed from below the organic phase using a micro-pipet and placed in a fresh
microcentrifuge tube. The DNA restriction fragments in the solution were then
precipitated in ethanol by the addition of approximately 2.5 volumes of ice cold
100% ethanol (1 ml). This ethanol precipitation was maintained at -20 °C

overnight and then spun in a microcentifuge for 10 minutes at 13000 x g.
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Following the spin, the supernatant was removed and the DNA pellet was air
dried for two hours after which the DNA fragments were rehydrated overnight at
4 °C in 25 µI of deionized water filtered through a .22 µm filter unit (Millipore).
Verification of successful fragment extraction and concentration as well as
quantification of the amount of DNA fragments present was obtained by running
5 µI of the isolated restriction fragments on a 4% poyacrylamide gel (1 X TBE)
next to a known amount of a 100 base pair ladder (GeneRuler™ MBI
Fermentas). The gel was run using a small vertical slab gel electrophoresis rig
(Mini-PROTEAN II from Bio-Rad) with .75 mm spacers and comb. The sample of
isolated restriction fragments (5 µI) was added to 3 µI of Type 11 loading buffer
(Sambrook et al., 1989) and loaded onto one lane of the gel. Electrophoresis was
carried out at 100 volts for 45 minutes after which the gel rig was disassembled
and the gel stained with an ethidium bromide solution (0.5 µg/ml) for 1O minutes
and then destined by soaking in deionized water for 30 minutes. Upon
visualization isolated DNA Sau3A restriction fragments were seen to present in
the intended size range and estimated to be at a concentration of 20 ng/µI.
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Preparation of the Vector
For small insert libraries the simplest and easiest type of vectors to use
are plasmids (Pouwels, 1993). Typically an E. coli plasmid vector constructed to
have a multiple cloning site - a short region containing a large number of unique
restriction sites into which DNA fragments generated by endonuclease restriction
digest can be cloned - that is flanked by sequencing primer sites is selected. The
plasmids pUC18 and pUC19 are small, high copy number E. coli plasmids that
are 2686 bp in length. They are identical except that they contain multiple cloning
sites arranged in opposite orientations. Plasmids of the pUC series have proven
very useful for cloning DNA fragments. Their most characteristic feature is the
presence of part of the lacZ gene from the E. coli operon lac, the so called lacZ'
fragment, with a multiple cloning site (a "polylinker") inserted downstream of the
lacZ translation initiation codon ATG. The lacZ' fragment contains the promoter-

operator region and 59 codons of the beginning of the lacZ gene. This fragment,
whose synthesis can be induced by IPTG , is capable of intra-allelic
complementation with a defective form of

~-galactosidase

encoded by the host

lacZ gene (mutation lacZ~M15). In the presence of IPTG, host bacteria will

synthesis both fragments of the enzyme and form blue colonies on media
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containing X-gal due the action of

~-galactosidase.

Insertion of a DNA fragment

into the multiple cloning site located within the lacZ' fragment disrupts, in general,
the coding information and leads to a loss of a fuctional lacZ' gene product. This
loss, in the presence of IPTG and X-gal can be directly visualized as a colorless
(white) colony instead of a blue colony. Plasmids pUC18 and pUC19 are also
characterized by the presence of a gene which conveys resistance to the
antibiotic ampicillin. The combination of properties present in pUC plasmids
allows the convenient selection of recombinant plasmids when transformed E.
coli cells are grown on agar plates containing ampicillin, IPTG, and X-gal. Cells

from an ampicillin-sensitive bacterial host strain which do not take up a plasmid
during transformation will not grow on ampicillin media since only cells containing
a vector molecule with a resistance gene will be able to grow and produce
colonies. Non-recombinant colonies in which the plasmid contains no insert will
appear blue and recombinants will appear white. This system therefore allows
colonies containing recombinant plasmids to be detected directly after plating
only once.
To prepare vector for this protocol, pUC19 plasmid was cleaved by the
six-base cutter restriction enzyme BamH I within the multiple cloning site to yield
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two cohesive ends that are complementary to the DNA overhangs produced
when the A. curtirostris genomic DNA was restricted with Sau3A I. To cut the
plasmid, 5 µI of pUC19 plasmid DNA at a concentration of 1 µg/µI (Amersham
Pharmacia) was mixed in a 0.5 ml microcentrifuge tube with 5 µI of 1OX BamH I
restriction buffer, 1µI of the supplied 1OOX BSA solution, 3 µI of BamH I from New
England Biolabs (enzyme was at 10 units/µ1), and 36 µI of filtered deionized
water. The restriction digestion was incubated at 37

cc for 4 hours after which

3 µI of the digestion was removed, added to 2 µI of loading buffer and
electrophoresed on a 1% agarose minigel (0.5X TBE) using uncut plasmid as a
comparision. After staining with ethidium bromide and verifying that nearly all of
the plasmid had been successfully cut (no uncut plasmid was visable in the
digestion lane), 3 µI of Shrimp Alkaline Phosphatase (USB) was added to the
digestion and the incubation at 37

cc was continued for 1 more hour. Shrimp

Alkaline Phosphatase enzyme was added to dephosphorylate the 5' ends of the
cut vector so that when DNA ligase was added during ligation, the plasmid would
not be able ligate to itself and reform without receiving an inserted fragment.
Shrimp Alkaline Phosphatase is preferable to Calf Intestinal Alkaline
Phosphatase since it is totally inactivated by heat shock (Ausubel et al., 1999).
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After cutting and dephosphorylation were complete, the restriction digest
was heated to 65 °C for 15 minutes to deactivate the Shrimp Alkaline
Phosphatase and the cooled slowly to room temperature. When the digestion
had cooled, 100 µI of TE buffer was added to the tube and the mixture was
extracted once with phenol/choroform /isoamyl alcohol 25:24:1 (Amresco) and
twice with chloroform/isoamyl alcohol as described in Ausubel et al. (1999). After
this clean-up step, the cut plasmid was ethanol precipitated by adding a 1/101h
volume of 3 M sodium acetate, 2.5 volumes of cold 100% ethanol and incubating
the tube overnight at -20 °C. The ethanol precipitation was then spun for 10
minutes in a microcentrifuge at maximum speed after which the supernatant was
removed and the pellet dried in a Speedvac evaporator (Savant). The pellet was
rehydrated in 25 ul of TE buffer (pH 8.0) and stored at 4 °C. The quantity and
purity of cut plasmid DNA was checked by runing 3 µI of the concentrated vector
on a 1% agarose gel (0.5X TSE) with a known quanity of ladder and a known
quanity of uncut plasmid to compare against. After quantification the plasmid
DNA was diluted slightly to a concentration of 200 ng/µI.
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Ligation

In order to ligate the size-selected cut A. curtirostris genomic DNA into
pUC19, a ligation reaction was set up using an approximately 1 :1 molar ratio of
vector to insert. An additional control reaction was set up using the cut plasmid
without restriction fragments (insert) in order to verify that the plasmid had been
properly dephosphorylated. Ligation reactions were prepared in a 0.5 ml
microcentrifuge tubes by adding 2 µI of the vector (400ng), 5 µI of insert DNA at
20 ng/µ1 (none in control), 2 µI of the supplied 10X ligation buffer, 2 µI of T4 DNA
ligase from New England Biolabs (6 Weiss units/µI), and enough deionized
water to bring the total volume to 20 µI. The reactions were mixed by pipetting
and incubated at 16 °C overnight. After incubation the reactions were diluted by
adding 40 µI of TE and the reactions were then incubated at 65 °C for 15 minutes
to inactivate the T4 DNA ligase.
Transformation

Transformation was performed by electroporation using electrocompetent
Escherichia coli DH5a cells previously prepared and held at -80 °C (Protocol 4.1,

Appendix 2). To perform electroporations, electroporation cuvettes (Bio-Rad 0.2
cm electrode gap), 0.5 ml microcentrifuge tubes, and a microcentrifuge tube rack
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were chilled on ice after which a tube of electrocompetent cells was thawed
slowly in the cold rack for twenty minutes. Using a chilled pipet tip, 40 µI of
competent cells were transferred to each 0.5 ml microcentrifuge tube, mixed with
1 µI of the ligation reaction, and incubated on ice for approximately one minute.
Using a chilled pipet tip, the mixture of cells and DNA was transferred to the
bottom an electroporation cuvette and then placed in the electroporation
chamber of a Gene Pulser II apparatus (Bio-Rad). Electroporation was
conducted at 2.5 kV with the capacitor set at 25 µF and the pulse controller unit
set to 200Q. Immediately after the charge was delivered, 1 ml of SOC medium
(Appendix 1) was added to the cuvette and the cells were gently but quickly
resuspended with a sterile glass pasteur pipet. The SOC with the transformed
bacteria was then transferred into 15 ml polypropylene tube using the sterile
glass pasteur pipet and incubated at 37 °C in a shaking rack incubator for 1 hour
(250 rpm). An additional electroporation was done using 10 pg/µ1 of uncut pUC19
plasmid to serve as a positive control.
Trial Plating Out of Transformed Cells
To test the success of ligation and transformation, tubes of transformed
cells were plated on 82 mm LB+ amp plates (ampicillin at 100 µg/ml) along with
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IPTG and X-gal. Selective media plates were prepared by spreading 100 µI of Xgal solution (20 mg/ml) and 40 µI of IPTG solution (100 mM) on each LB+ amp
plate with a sterile bent glass rod. Transformed bacterial cells (50 µI) were
pipetted onto each selective plate and gently spread with a bent glass rod - bent
from a glass pasteur pipet or a light glass rod which was thin and able to cool
quickly - that was sterilized by flaming with alcohol between plates. Plates were
incubated agar side up (lid down) at 37 °C for about 12 hours until discrete
colonies appeared. Successfully transformed cells were abundant and the
background (amount of nonrecombinant colonies), although high, was not
excessive with an estimated 70-80 % of the colonies being white. In the case of a
microsatellite screening project, a somewhat higher amount of background is
acceptable since it only means that a higher number of cells must be plated out
in order to get a sufficient number of positives.
Determining the Average Size of the Inserts by PCR
In order to determine the average size of the inserted fragments making
up the partial genomic library, PCR was used to amplify the multiple cloning site
(which includes the insert) of the plasmids from 20 randomly selected white
colonies. This type of estimation is preferable to one made using only positive
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clones (i.e. clones with microsatellites as determined by the microsatellite
screening procedure) because positive clones may have a higher average insert
size than randomly chosen inserted fragments. This is important if the average
insert size estimation is used to infer frequency of occurrence for microsatellites
within the genome - number of microsatellites found/ size of the genome fraction
that has been screened. The plasmid pUC19 has a multiple cloning site of 56 bp
using M13 primers and therefore 56 bp should be subtracted from PCR products
to determine the size of the insert.
To determine insert size, clones were sampled by using colony PCR.
Polymerase chain reaction tubes were prepared by using a master mix with each
reaction tube containing 9.5 µI filtered deionized water, 2.5 µI of the supplied 1OX
Taq buffer, 1.5 µI of the supplied MgCl 2 solution (25 mM), 1.5 µI dNTPs (2.5 mM
each), 2.5 µI of M13/pUC sequencing primer and M13/pUC reverse sequencing
primer (both at 5 µM), and 0.5 µI of Taq DNA Polymerase from Promega (5 units
per µI). Enough master mix was prepared for 22 reactions and 20µ1 aliquots were
pipeted into 21 labeled reaction tubes - one tube was a negetive control and did
not receive template DNA. Template DNA was prepared by adding 25 µI of
filtered deionized water to 20 labeled microcentrifuge tubes and swirling in a
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small bit of cells from each of 20 randomly selected white colonies using a sterile
toothpick that had been carefully touched to the bacterial colony. Template for
the PCR reaction was obtained by adding 5 µI of the water and bacteria from the
20 tubes to the master mix in each PCR tube. The completed PCR reaction
tubes were overlayed with 20 µI of mineral oil and loaded into an MJ PTC-100
thermocycler. After an initial denaturation at 94 °C for 5 minutes, each cycle
comprised 60 s denaturation at 94 °C, 30 s annealing at 50 °C, and 90 s
extension at 72 °C. Cycles were completed 25 times followed by a 7 minute
extension at 72 °C. Amplified PCR products were run out on a 1.5% agarose
minigel (0.5X TBE) with DNA size standards and stained with ethidium bromide.
Average insert size for the library was estimated to be slightly less than 1000 bp.
Plating Transformants for Screening - High Density Plates
The screening of a partial genomic library for the presence of
microsatellites typically involves the plating out of transformed cells on a large
number of selective media agar plates at a relatively low density so that
individual colonies (clones) can be selected and placed in a grid pattern on
another selective agar plate in preparation for screening by Southern
hybridization. Since only a small number of clones will contain microsatellites -
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usually much less than 1% - the hand-picking, replating and screening of
numerous plates can be very laborious. For this protocol a strategy was devised
to limit the amount of effort involved in handling the library. This strategy involved
the plating of a very large number of cells on only a few agar plates so that
colonies were very dense. A Southern hybridization was then performed on these
high density plates and the local area around each positive clone was then
selected for additional screening. This technique had a similar effect to that of
enrichment protocols since it essentially reduced the percentage of clones
present that did not contain microsatellites. Based on the trial platings of
transformed cells, three large (150 mm) LB + amp plates (prepared with 100 µI of
X-gal solution and 40 µI of IPTG solution) were plated at a high density with
transformed cells resulting in plates with around 4000 small colonies each after
incubation a 37° C for 8 hours. Plates were wrapped around the edges in
parafilm and stored upside down (agar side up) at 4 °C.
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Screening for Microsatellites
A. Colony Hybridization (1st Round)
1. Lifting Colonies onto Nitrocellulose Membranes
Replicas of the high density plates were produced by lifting part of each of
the bacterial clones from the plates onto circular nitrocellulose membranes
(Nitrobind® from MSI) which were carefully placed on the surface of the plates
for 3 - 5 minutes. The membranes and plates were attentively labeled with
corresponding orientation marks for later reference. After colonies were lifted, the
nitrocellulose membranes were treated to lyse the bacterial cells and denature
the DNA (Protocol 5.2, Appendix 2). They were then baked in a vacuum oven for
two hours to bind the DNA to the membrane. Colonies on high density plates
were allowed to regenerate at 37 °C for 4 hours.
2. Probing Membranes by Hybridization
Colony lifts were screened by hybridization (Protocol 5.2, Appendix 2)
using a mixture of radioactive oligonucleotide probes [(TG) 10 (TC) 10 (AGG) 5AG
(CAC) 5CA T(CCTh CT(ATCT) 6 (TGTA) 6TG] labeled with

32 P

(Protocol 5.1,

Appendix 2). These probes were chosen based on their similar Tm values.
Similar Tm values allow the search for several different types of microsatellite
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repeats during the same hybridization incubation since the probes will have
similar temperature requirements. The probes included a sampling of repeat
types including dinucleotides, trinucleotides, and tetranuclotides. Although the
choice of probes was not based on previous work with crustacean microsatellites
(very little previous work is available), it was hoped that these repeat types would
be present at relatively abundant frequencies in A. curtirostris and yield useful
marker loci. Hybridizations were carried out at 42 °C in a hybridization incubator
(Techne Hybridizer HB1 D) for 10 hours. Results of the hybridization were
examined by autoradiography with X-ray film being exposed to the labeled
membranes for 5 hours and 15 hours. A scattering of positive colonies was
detected on each plate (Figure 10). The autoradiographs were aligned with the
membranes and plates to select the positive colonies, or regions, since in nearly
all cases several colonies (clones) were present at the site of a positive due to
the high density of colonies on the plates.

8. Replating Positive Clones
To separate positive clones which potentially contained a microsatellite
repeat from other nearby clones which were unlikely to have any microsatellite
sequence, serial dilutions of the cells from the positive locations on the original
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Figure 10. Autoradiograph of high density bacterial plate showing microsatellitecontaining clones detected by hybridization using radioactive oligonucleotide
probes. Red dots indicate orientation marks corresponding to marks on the
actual plates.
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high-density agar plates (likely 3-10 different clones) were performed in sterile
1.5 ml microcentrifuge tubes, plated on 82 mm LB + amp agar plates, and
incubated at 37 °C (Figure 11 ). The plates from dilutions resulting in a low
density of replated clones (50 - 100 colonies per plate) were then rescreened by
colony hybridization to isolate single positive clones. Cells were selected from the
positive regions of the high density plates by using a sterile disposable plastic
loops to scrape up likely colonies and the bacterial cells were then transferred to
a sterile 1.5 ml microcentrifuge tube containing 500 µI of LB medium - loop
swished around in the tube. This microcentrifuge tube was vortexed to break-up
and distribute the cells and a sample of 5 to 1O µI was extracted with a micropipet
and transferred to another 1.5 ml sterile tube (Tube A) also with 500 µI of LB.
Two more dilutions were set up by vortexing Tube A and extracting 50 µI to add
to a 1.5 ml sterile tube with 100 µI LB (Tube B) and 5 µI to add to a 1 .5 ml sterile
tube with 150 µI LB (Tube C). Tubes A, B, and C were then vortexed and 150 µI
of each was plated on LB+ amp plates. Plating was done starting with the lowest
concentration and moving on towards the highest so that the same cell spreader
could be used for all three dilution plates without having to sterilize it by flaming
with alcohol between plates. Plates were left on the workbench for 5 -10 minutes
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Figure 11 . Serial dilution process used to replate positive clones at
a low density from positive locations identified on a high-density
plate. Three serial dilutions are prepared in sterile 1.5 ml
microcentrifuge tubes.
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so that extra fluid could soak into the plates and then inverted and incubated at
37 °C for about 1O hours. The original (1st) dilution tube was saved at 4 °C so
that dilutions could be repeated if none of them were at a satisfactory
concentration.
C. Colony Hybridization (2"d Round)
1. Lifting Colonies onto Nitrocellulose Membranes

Selected LB + agar plates obtained from serial dilutions which resulted in
a low density of replated clones from the positive locations on the high-density
plates were lifted onto circular nitrocellulose membranes (Nitrobind® from MSI).
The membranes were labeled and processed in the same manner as those used
in the initial screening of the high-density plates (Protocol 5.2, Appendix 2) to
release and denature the bacterial DNA and bind it to the nitrocellulose
membranes. Colonies on low-density plates were allowed to regenerate at 37 °C
for 4 hours.
2. Probing Membranes by Hybridization

Colony lifts were screened by hybridization (Protocol 5.2, Appendix 2)
using the same mixture of 32 P labeled oligonucleotide probes that was used to
screen the high density plates. Hybridizations were carried out at 42 °C in a
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hybridization incubator (Techne Hybridizer HB1 D) for 12 hours. Results of the
hybridizations were examined by autoradiography with X-ray film being exposed
to the labeled membranes for 3 hours, 6 hours, and 16 hours. The
autoradiographs were aligned to the membranes and plates and isolated positive
colonies were located. These single positive clones were transferred ("picked")
using sterile toothpicks to new LB + amp plates and arranged in a grid pattern well spaced at 9 colonies per plate. Each selected clone was assigned a unique
number.

Preservation of Positive Clones
Positive clones were maintained for the short term on LB + amp agar
plates labeled with a grid pattern. This allowed all clones to be readily available
for characterization. The plates of selected clones were wrapped in Parafilm and
stored upside down (agar side up) in the refrigerator (4 °C). Plates stored in this
manner can last for several months (Miller, 1992), but the clones were patched
over to new LB + amp plates every few weeks so that fresh ampicillin would be
present. Long term storage of positive clones was accomplished by storage in
16% glycerol at - 80 °C (Protocol 6.1, Appendix 2).
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Selecting Positive Clones for Characterization
Positive clones revealed by the screening process were transferred to LB
+amp plates containing IPTG and X-gal and selected white colonies were
chosen to undergo insert size estimation by colony PCR. Polymerase chain
reaction tubes were prepared by using a master mix with each reaction tube
containing 9.5 µI filtered deionized water, 2.5 µI of the supplied 1OX Taq buffer,
1.5 µI of the supplied MgCl2 solution (25 mM), 1.5 µI dNTPs (2.5 mM each), 2.5
µI of M13/pUC sequencing primer and M13/pUC reverse sequencing primer
(both at 5 µM), and 0.5 µI of Taq DNA Polymerase from Promega (5 units per µI).
Template DNA was prepared by adding 25 µI of filtered deionized water to
labeled microcentrifuge tubes and swirling in a small bit of cells from selected
white clones using a sterile toothpick which had been touched to the bacterial
colony. Template for the PCR reaction was obtained by adding 5 µI of the water
and bacteria to the master mix in each PCR tube. The completed PCR reaction
tubes were overlayed with 20 µI of mineral oil and loaded into an MJ PTC-100
thermocycler. After an initial denaturation at 94 °C for 5 minutes, each cycle
comprised 60 s denaturation at 94 °C, 30 s annealing at 50 °C, and 90 s
extension at 72 °C. Cycles were completed 25 times followed by a 7 minute
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extension at 72 °C. Amplified PCR products were run out on a 1.5% agarose
minigel (0.5X TBE) with DNA size standards and stained with ethidium bromide.
Colonies for which PCR products showed plasmid inserts of resonable size were
chosen for characterization.
Characterization of Microsatellites
Plasmid Preparation
Plasmid DNA from selected clones was isolated from a 5 ml overnight
bacterial culture grown in LB + amp using the QIAprep Spin Miniprep Kit from
Qiagen (Protocol 8.1 , Appendix 2). Success of the plasmid DNA extraction was
checked on a 0.8% agarose gel (0.5X TBE) and visualized by staining with an
ethidium bromide solution (0.5 µg/ml). A sample of 5 µI of the plasmid
preparation was mixed with 4 µI of Type 11 loading buffer (Sambrook et al., 1989)
and loaded into gel lanes. Size comparisons were made using a 1 kb ladder
(Gibco BAL). Plasmid DNA was quantified by absorption spectroscopy using a
Beckman DU-640 spectrophtometer (Ausubel, 1999). The plasmid DNA was
diluted to a concentration of 200 ng/µI for sequencing.
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Sequencing
Purified plasmid DNA from positive clones was sequenced in both
directions with Applied Biosystems, Inc. Fluorescent Automated Sequencers 373
and 377 using vector sequencing primers. In cases where microsatellite repeats
were located near the middle of longer inserts it was necessary to design and
use internal sequencing primers in order to fully characterize the repeat and
obtain quality flanking sequence on both sides of the microsatellite array. Internal
primers were designed by eye in a region near the end of the readable sequence
achieved in order to extend the reads, but were placed 50 to 100 bp back from
the edge of any repeats discovered in the plasmid insert. Internal primers of 18 24 nucleotides were synthesized with very little attention paid to commonly
applied primer design parameters since studies have shown many of these
parameters to be dispensable in the case of sequencing primers, particularly
when using the new generation of sequencing reagents such as
dichlororohdamine dye terminators (Buck et al., 1999). DNA sequencing was
performed at the Loma Linda University Core Facility and at the DNA
Sequencing Facility at California State University Northridge. Samples of plasmid
DNA mailed to the Northridge facility were lyophilized in a Speedvac evaporator
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(Savant) and shipped dry by priority mail. Sequences from forward and reverse
primers were assembled into contigs using Sequencher version 3.0 (Gene Codes
Corporation).

Primer Design
A. Choosing the Right Microsatellite
The practical usefulness of any microsatellite repeat located depends on
whether or not it can be successfully used as a molecular marker. This success
depends on a number of factors including the physical structure of the repeat and
the flanking regions, the repeat composition, and the type of research question
being addressed.

1. Repeat Type
Dinucleotide microsatellites are, in general, the most common repeat type
found in eukaryotic organisms and the abundance of these dinucleotide repeats
makes them a likely target for the design of microsatellite markers. The major
concern about the use of dinucleotide repeats is their high propensity to generate
stutter bands during PCR amplification, which sometimes leads to difficulty in the
assignment of alleles. Trinucleotide and tetranucleotide repeats are not as
common, but tend to generate fewer stutter band and are therefore easier to
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score. For this reason, it may be preferable to use the more rare trinucleotide and
tetranucleotide loci to design microsatellite markers when available. On the other
hand, the presence of stutter bands may be helpful in distinguishing specific
amplification products of microsatellite loci from non-specific or spurious PCR
amplification. Additionally, stutter patterns, when present, may in fact be useful in
helping with the exact scoring of allele length in neighboring lanes.
The type of repeat unit existing at a microsatellite locus is also important in
regards to the type of gel separation technology that will be used. A common rule
of thumb is that the separation capacity of a gel (resolution) should be at least
half the size of the repeat unit present. For example, a dinucleotide repeat should
be separated on a gel system that allows the size discrimination of fragments
that differ by only a single base pair. Since many gel systems (particularly less
expensive ones) may lack this resolution, the use of trinucleotide or
tetranucleotide loci to create microsatellite markers allows greater flexibility as to
the type of gel separation system used.
The usefulness of compound or complex loci in the development of
microsatellite markers is debatable. In some cases the changes in the relative
frequencies of each repeat type in a composite microsatellite may provide some
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additional insight into population structure by revealing size homoplasy (Estoup
et al., 1995). But in other cases, size homoplasy may be increased making it
difficult to accurately score alleles. For example, Ashton (1999) examined pairs
of compound microsatellite loci in a species of sea lion by sequencing. She found
one locus with (CT) 9 +(CA) 18 , (CT) 11 +(CA) 16 and (CT) 8 + (CA) 19 electromorphs all
representing 27 repeat units, and another with (CT) 10 + (CA) 18 and (CT) 9 + (CA) 19
representing 28 repeat units. Besides simply revealing hidden genetic variation,
the results clearly show that both the (CT)n and (CA)n components of the
microsatellite array are subject to mutational length changes. Such changes have
also been shown to be the case for complex tetranucleotide repeats in primates
(Meyer et al. , 1995) and humans (Kimpton et al., 1993) where even short
subarrays consisting of only two repeat units were subject to length
polymorphism. In the case of long complex repeats such as those found in
shrimp, the problem of size homoplasy and interpretation of allele patterns is
likely to be particularly pronounced and such repeats are not likely to yield useful
molecular markers.
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2. Level of Polymorphism
Microsatellite loci with different levels of variability can be informative at
different levels in the biotic hierarchy. It is very possible to have too much
information (if entities are too different there is nothing to link them) or too little
information (no signal). Microsatellite loci with many alleles and high
heterozygosities can be useful for such things as genetic identity or parentage
analysis, while loci with less variability will be more useful for studies of variation
at the population level. In the case of shrimp, where heterozygosites are reported
to be very high for many isolated loci, it is important to select microsatellite loci
for population comparisons that are likely to have lower levels of variability.
The level of polymorphism varies widely among microsatellite loci
indicating that the mutation rate also varies substantially. Several studies have
attempted to determine structural factors that would predict the level of variability
at a given microsatellite locus (reviewed by Estoup & Cornuet, 1999 and
Schlotterer, 2000). While results are somewhat conflicted, current consensus
suggests that the mutation rate at a particular microsatellite locus is affected by
the composition of the repeat, the length of the array (number of repeat units),
and the purity of the tract. For a given size repeat, the level of polymorphism
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seems to depend partly on the composition of the repeat unit, although the
biological basis for differences in the stability of microsatellite arrays with similar
size and different repeat unit composition remains unclear. All other things being
equal, current consensus suggests that microsatellite arrays containing longer
repeat units, such as tetranucleotides, evolve slower than those containing
shorter repeat units, such as dinucleotides (Lee et al., 1999). This difference is
consistent with in vitro slippage studies, which suggest a negative correlation
between the length of the repeat motif and the slippage rate (Schlotterer & Tautz,
1992). The conclusion is offset, however, by studies suggesting that mutation
rates at tetranucleotides are higher than those at dinucleotides (Weber& Wong,
1993; see also review by Eisen, 1999). A higher mutation rate in microsatellites
with repeat units of large size can be explained by the reduced ability of the
mismatch repair system to recognize slipped-strand mispairing errors in such
large unit repeat arrays. In regards to array length, microsatellite loci with higher
repeat counts appear to be associated with higher mutation rates (Wierdl et al.,
1997), presumably because of the increased opportunity for a stable mis-aligned
configuration during replication slippage. Similarly, impurities in a repeat tract
involving compound repeats and/or inserted base(s) are thought to stabilize the
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tract by reducing the possibility of mis-alignment during replication resulting in
lower levels of polymorphism than is found in uninterrupted microsatellite arrays
with a similar number of repeats. In addition, it is likely that the specific rate and
patterns of mutation occurring in microsatellite arrays are species-specific due to
variation in the nature of particular DNA polymerases and proofreading
mechanisms as well as other factors (Eisen, 1999).
3. Selecting Loci for Characterization
Based on the above generalizations, two short and pure microsatellite
arrays were selected from the sequenced inserts- one dinucleotide and one
trinucleotide - for primer design. Particular attention was also paid to the flanking
regions on either side of the repeat. Flanking regions were analyzed for quality of
sequence, length, absence of any vector sequence, presence of any other
microsatellite-like or cryptically simple sequence, and the presence of an Sau 3A
restriciton sites which might indicate that a concatamer of one or more different
restriction fragments had been cloned into the vector.
B. Designing Flanking Primers
Flanking primers used to amplify across tandem repeats are usually
designed at locations relatively close to the microsatellite array (15 - 75 bp on
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each side). This usually results in PCR amplification fragments that are relatively
short. This is helpful because smaller fragments run faster on a gel and are also
easier to resolve. Most authors recommend designing primers to yield
amplification fragments between 100 and 300 bp with every effort being made to
find primers that produce products on the shorter end of this range. It is very
important, however, that primers be designed in an area of the flanking region
that is not subject to an above average rate of mutation because priming sites
need to be conserved in all individuals and populations. Since it is not uncommon
for penaeid shrimp to contain microsatellites with somewhat ragged edges flanking regions that are interspersed with vaguely repetitive sequences
(Tassanakajon et al., 1998; Brooker et al., 2000), - and since microsatellite
sequence from A. curtirostris also seemed to show this tendency, the priming
sites for A. curtirostris markers were chosen well back from the repeat in an area
where no hint of repetitive sequence was present and where there appeared to
be a random succession of nucleotides. This strategy resulted in longer
amplicons, however, in the case of both of the the loci being developed, primer
design resulted in an expected amplicon that was less than 200 bp.
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Primers were designed with the help of the primer design program
Primer3 (Rozen & Skaletzky, 1998), which is available free on the Web. Primer
pairs were designed to have a similar melting temperature (Tm) between 57 and
68 °C and to have a GC content of approximately 50%. A particular effort was
made to construct primers that would end (i.e. 3' end) in at least one G or C - a
GC clamp. Potential primers were tested individually for self-complimentarity to
prevent the formation of hairpin loops and primer dimers and potential primer
pairs were checked to see that they had low or no complemetarity with each
other.
An inherent feature of the Taq DNA polymerase enzyme is the tendency
to sometimes catalyze the non-templated addition of a single nucleotide
(principally adenosine) to the 3' end of PCR amplified products (Clark, 1988).
This activity presents a potential source of error in genotyping studies based on
the use of microsatellite markers where alleles may differ by as little as two base
pairs. It has been found that the artifactual addition of adenosine is dependent on
the sequence at the 5' end of the reverse primer (Brownstein et al. , 1996). Some
sequences discourage the +1 size increase and other sequences favor it. It has
proved somewhat difficult to identify a single sequence capable of protecting the
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products of all microsatellite markers from the non-templated addition of
adenosine. On the other hand, by placing a certain sequence (GTTTCTT) on the
5' end of the reverse primer it is possible to encourage a non-templated addition
of adenosine in nearly all cases. This strategy is referred to as PIG-tailing
(Brownstein et al., 1996). A related modification of the PIG-tailing approach is the
so-called "G-clamp". If the first base on the 5' end of the reverse primer is a
guanosine, then the last 3' base on the forward synthesized strand is a cytosine,
which will preferentially encourage the addition of an adenosine forming a CA
completion on all fragments. G-clamping involves the simple addition of a G to
the 5' end of the reverse primer, or the replacement of the first base on the 5'
end of the reverse primer with a G. Primers for A. curtirostris were designed
using the G-clamp technique.
Optimization of PCR
A. DNA Isolation

In order to check the success of the newly designed primer pairs, and to
determine whether or not the microsatellite loci would be useful for scoring allelic
variation in populations (i.e. if the loci were polymorphic), DNA was isolated from
14 individuals of A. curtirostris from Hawaii using a small amount of ethanol
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preserved tissue and a phenol/chloroform extraction technique (Protocol 2.2,
Appendix 2). The quality of the extracted DNA was examined on a 0.8% agarose
minigel (0.5X TBE) and DNA samples were quantified using a TKO 100 minifluorometer (Protocol 3.1, Appendix 2). These DNA samples, along with DNA
from the hawaiian individual that was originally used to construct the sizeselected partial genomic library, were used as template in PCR reactions to
optimize PCR conditions and to test each of the two selected loci for variability.

B. Tests for Amplification Success
The synthesized primer pairs (Sigma-Genosys) were used in polymerase
chain reactions with an annealing temperature 5 °C less the calculated TM· PCR
was performed using the HotStarTaq Master Mix Kit from Qiagen. This kit
provides the ability to conduct hot-start PCR for higher specificity minimizing
nonspecific amplification products, primer dimers and background. Taq DNA
polymerase is provided in an inactive state, and is activated only by a 15 minute
incubation at 95 °C. The MgCl 2 concentration of the kit's master mix is
predetermined, however, the PCR buffer of the kit is designed to work well over a
wide range of conditions so the optimization of MgCl 2 is usually not necessary.
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Polymerase chain reaction tubes were set up using the supplied master
mix with each tube containing 1 - 2 µI of DNA template (DNA at 1O ng/µI), 8.5 9.5 µI of the supplied deionized water, 2 µI of primer mix (primers at a final
concentration of 0.5 µM each), and 12.5 µI of the HotStarTaq Master Mix which
contains Taq DNA polymerase, Taq (PCR) buffer, and dNTP's (final
concentration in the reaction is 2.5 units Taq, 1X PCR buffer (MgCl 2 at 1.5 mM),
and 200 µMeach dNTP's). Control reactions were set up using all ingredients
minus any DNA template. The completed PCR cocktails were overlayed with 20
µI of mineral oil and placed into an MJ PTC-100 thermocycler. The thermocycler
program consisted of an initial incubation step of 95 °C for 15 minutes, followed
by cycles of 60 sat 94 °C (denaturation step), 60 sat the chosen annealing
temperature (annealing step), and 45 sat 72 °C (extension step). Thirty-five
cycles were completed followed by a final extension at 72 °C for 1O minutes.
The results of PCR amplification tests were examined on 6%
nondenaturing polyacrylamide gels (1 X TBE) using a small vertical slab gel
electrophoresis rig (Mini-PROTEAN II from Bio-Rad). Samples of the PCR
reactions (3 µI) were added to 2 µI of Type II loading buffer (Sambrook et al.,
1989) and loaded into lanes next to DNA size standards (D15 marker from
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Novagen and the 25 bp step ladder from Promega). After electrophoresis, gels
were stained with an ethidium bromide solution (0.5 µg/ml) for 1O minutes (no
shaking) and destained by soaking in deionized water for 30 minutes. PCR
products (bands) were visualized in the expected size range for both loci with
only a hint of background or nonspecific amplification. Most lanes were seen to
have only one band (two bands were occasionally visible) and only a small
amount of polymorphism was indicated. The lack of bands and polymorphism
was later determined to be due to the lack of resolution provided by the gel setup. Amplifications were further refined by repeating PCRs and gel runs under the
same conditions while raising the annealing temperature by increments of 2 °C.
Final results were strong specific amplifications for both loci with no visible ghost
bands or nonspecific amplification. Small variations in the amount of DNA
template did not seem to have any affect on amplification success.

C. Tests for Polymorphism
1. Separation of Alleles
The gel visualization of microsatellite alleles requires excellent resolution
since it is necessary to potentially differentiate bands (alleles) which differ by only
one repeat unit. The level of resolution necessary is seldom less than what would
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be required to differentiate lengths of DNA that differ by two base pairs. Such
resolution is required since any alleles from a dinucleotide locus will differ from
each other by two base pair increments and alleles from all types of
microsatellites may possibly differ by only a few - and in rare cases even one base pairs. This is because there is a possibility of alleles that are the result of
other types of mutations besides slipped strand mispairings - for example
insertions or deletions in the flanking regions - or from complicated changes at
compound or complex loci. It is very important, therefore, to have the best
resolution available in order to get as clear of a picture of the true allele
frequency as possible.
A variety of gel electrophoresis methods have been used to visualize
microsatellites as have a variety of staining methods (Morin & Smith, 1995;
Strassmann et al., 1996; Kristensen & Borresen-Dale, 1997; Lahiri et al., 1997;
Karp et al., 1998; Schlotterer, 1998; Jouquand et al., 1999). These include the
use of: (1) agarose gel electrophoresis combined with ethidium bromide staining;
(2) standard nondenaturing polyacrylamide gel electrophoresis coupled with
staining by ethidium bromide, SYBR green, or silver; (3) standard denaturing
polyacrylamide sequencing gels coupled with radioisotopic labels and
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autoradiography; and (4) the use of fluorescent tags and automated DNA
sequencing gels. Of these methods, only those using sequencing gels have
proved to have the necessary resolution needed for microsatellite visualization.
Methods involving sequencing gels, however, are disadvantageous in that they
require the use of complicated methods and dangerous radioactivity, or in the
case of visualization using automated DNA sequencing gels, considerable
expense. What is often needed is a gel electrophoresis and visualization
technique for microsatellites that is relatively easy and inexpensive as well. Such
a technique would be useful for laboratories that wish to accomplish a population
genetic study- this often means many individuals to be genotyped - but lack
access to modern DNA sequencing equipment and generous funding.
There have been several recent advances in the understanding of gel
matrices and electrophoresis (Kozulic & Heimgartner, 1991; Kozulic, 1994;
Kozulic, 1995; Kozulic, 1999) and these have led to the introduction of a variety
of gels with high resolving capacities over short distances. Elchrom Scientific
(Switzerland) has recently introduced electrophoresis systems that utilize precast
gels made an undisclosed sythetic polymer they have called Spreadex. These
gels have a resolving power that is at least 2-fold higher than the resolving power
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of polyacrylamide. A particular advantage of these gels is that they are
nondenaturing, and this allows the use of simple staing procedures involving
dyes such as ethidium bromide which bind double stranded DNA. Spreadex™
gels are reported to be able to resolve DNA bands differing by 4 bp after 4 cm of
gel length and those that differ by one bp after 8 cm of gel length (Kozulic, 1999).
Such resolution is within the range of resolution necessary for the separation of
microsatellite alleles and, in fact, several researchers have reported great
success using Elchrom's precast Spreadex™ gels with the microsatellite
technique (for examples see Luqmani et al., 1999; Kozulic et al., 2000). Hourihan
et al. (2001 ), in particular, have pointed out the usefulness of precast Spreadex™
gels and stressed the fact that in comparison to the use of automated
sequencing gels, Spreadex™ gels give essentially identical results with much
less cost. Elchrom Scientific has also made availible a liquid Spreadex additive
which can be used by reseachers to cast their own gels. This additive called
Spreadex Polymer NAB™ is a polymer that has been specially formulated and
optimized to be added to nondenaturing polyacrylamide gels (TAE gels only, not
TBE) cast with a ratio of 29:1 acrylamide to N,N-methylene-Bis-acrylamide. Gels
made with Spreadex polymer are prepared the same way as regular
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polyacrylamide gels. Spreadex Polymer NAB™ comes in a 1OX solution which is
mixed in with the buffered solution of acrylamide and bis-acyrlamide prior to the
addition of TEMED and ammonium persulfate.
This liqiud additive form of Spreadex has been suggested by Elchrom as a
valuable tool for the separation of microsatellite alleles. During the course of this
study a system was worked out to utilize the Spreadex Polymer NAB™ product.
This system used a simple vertical slab gel electrophoresis rig already present in
our laboratory and also utilized simple ethidium bromide staining. Results were
found to be very satisfactory with gel resolution of fragments differing by one
base pair consistently possible. The system was very economical and did not
involve overly extensive procedures or radioactivity. The procedure used should
be useful in labs that require high resolution for the separation of microsatellite
alleles without the investment in expensive new equipment or costs associated
with using automated DNA sequencing facilities.
In order to prepare handcast Spreadex polyacrylamide gels suitable for
the separation of microsatellite alleles, Elchrom suggests the use of small-format
polyacrylamide gel rigs such as Bio-Rad's Mini-Protean 11. Following Elchrom's
recommended protocols, these small gels (gel length around 8 cm) were
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prepared and they were successful in resolving alleles. However, nearly the full
length of the gel was needed in order to resolve any alleles (PCR bands) which
differed by only a few base pairs. This created a problem in that there was an
ever-present danger that alleles might be run off the gel - indicator dyes give
only a rough estimate of the progress of the electrophoresis run when using
Spreadex - and when alleles differed significantly in size, the run time long
enough for some alleles was not long enough for others. Or conversely, what
was long enough for some alleles was too long for others. To get around such
problems, handcast Spreadex polyacrylamide gels were prepared using a larger
format vertical slab gel rig which had plates which were 16 cm X 20 cm (Hoefer
SE 600 series from Amersham Pharmacia). Bands run near to the end on these
gels were still distinct, and the gels enabled the safe detection of alleles (alleles
were seldom lost due to over-run) along with the fine resolution of alleles that
differed widely in size. The flexibility of being able to deal with many alleles of
differing size on the same gel was an important part of the system developed
since shrimp are known to have many alleles and some of them may be quite
long, often resulting in a wide variation of allele lengths. The use of larger format
handcast Spreadex gels does not appear to have been reported in the literature,
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but the utility of these gels and results obtained show that they are an great way
of resolving microsatellite alleles. This is particularly true when the organism
under study, like A. curtirostris, has a variety of alleles of unknown size and funds
are limited. This is a situation that is likely when studying population genetic
structure in wild populations of many species. Furthermore, these relatively large
format handcast Spreadex gels can provide a relatively inexpensive way to
evaluate microsatellite loci for polymorphism at a high of resolution to get a clear
picture before moving on to screen populations using automated DNA
sequencing gels.
In preparing handcast Spreadex gels, it is important to note that the gels
must be optimized for the length range of DNA bands that are to be resolved .
This is accomplished by varying the percentage of acrylamide used in pouring
the gel (usually 6 to 12 %) and, in addition, the run times used during
electrophoresis. Note also, that DNA moves very slowly in a Spreadex gel and
marker dyes, such as xylene cyanol, will need to be run off the gel. Another
concern when using Spreadex polyacrylamide gels is that commercial DNA
markers are needed which will contain DNA bands in a similar size range as the
expected allelic bands. This is important to facilitate accurate scoring of allele

151

sizes. Elchrom Scientific also sells a DNA marker they call the M3 Marker Ladder
which consists of a mixture of many small molecular weight bands which are
closely spaced. Some of these bands differ by only 1 to a few base pairs. This
marker is specifically designed for Spreadex gels and allows precise estimation
of the lengths of finely resolved fragments. The use of the M3 marker also serves
as a valuable check on the level of resolution that the Spreadex gel is providing.
To prepare the larger format Spreadex gels a Hoefer SE 600 series gel rig
(Amersham Pharmicia) was washed and one side of the glass plates was treated
with the automotive product Rain-X to cause the gel to stick to one plate
preferentially (the non-Rain-X plate) during subsequent handling of the gel. Gel
cassettes were assembled using 1 mm spacers and combs as instructed by the
manufacturer - 1 mm spacers allowed the gel to be easily loaded with standard
small micropipet tips (Rainin Catalog #RC-10) and a Pipetman® P-1 O (Gilson).
For each gel, 24 ml of a 8% an acrylamide gel solution with Spreadex was
prepared in a 100 ml Erlenmeyer flask by mixing 6.4 ml of 30% acrylamide stock
solution (ratio of 29:1 acrylamide to N,N-methylene-Bis-acrylamide), 14.6 ml
deionized water, 480 µI of SOX TAE buffer stock solution, 2.4 ml Spreadex
solution (1 OX factory stock solution), and 100 µI 10% ammonium persulfate
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(prepared fresh). This solution was mixed and degassed under vacuum. After the
degassing, 20 µI of TMED was added and the flask was swirled gently to mix.
The gel solution was then immediately transferred quickly to the gel cassette
using a disposable plastic transfer pipet. The gel solution was poured in until the
level was about 1 to 2 cm below the level that the comb teeth would reach after
insertion. The gel solution was then immediately overlaid with a layer of 50%
methanol that was carefully pipeted into the corners of the gel cassette. Because
of the high separative ability of Spreadex gels, samples must enter the gel evenly
and the overlay causes a level surface on the Spreadex or "separating gel" to
form. Additionally, wells cast in the Spreadex acrylamide mixture do not form
cleanly. The wells are therefore cast in a "topping gel" which is poured on top of
the separating gel and is a simple 4% polyacrylamide gel. Within a few minutes
of pouring, the separating gel becomes opaque as it starts to polymerize. The
50% methanol layer can then be removed with a syringe and small needle. After
the methanol solution is removed, the surface of the separating gel is then
washed with an excess of 4% acrylamide gel solution to remove residual
methanol and any unpolymerized gel solution from the separating gel. This 4%
acrylamide gel solution is removed with a syringe and small needle. The topping
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gel is then poured using a gel solution prepared by adding 3.3 ml 30 %
acrylamide stock solution (ratio of 29:1 acrylamide to N,N-methylene-Bisacrylamide) to a 100 ml Erlenmeyer flask along with 16.2 ml deionized water, 400
µI 50X TAE buffer stock solution, and 100 µI 10% ammonium persulfate - note
some of this solution is used to wash the top of the separating gel. The topping
gel is polymerized by adding 8 µI of TMED and is mixed and poured quickly by
using a disposable plastic transfer pipet. The comb is added immediately and the
gel is left to stand for 1 hour.
After the gel is fully polymerized, the casting set-up is disassembled, the
comb is removed, and the gel wells are rinsed using 1X T AE. The gel rig is
assembled for the run as instructed by the manufacturer using 1X TAE and wells
are loaded. In all cases 2 µI of each PCR reaction were loaded along with 3 µI of
Type II loading buffer (Sambrook et al., 1989). M3 marker lanes contained 3µ1 of
the ladder solution loaded at factory concentration (loading dye is already part of
the mixture). Electrophoresis was preformed for 500 to 700 minutes at 300 volts
(using PowerPac 300 from BIORAD). After electrophoresis, the gel cassette was
disassembled and the gel (still attached to one plate) was stained with an
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ethidium bromide solution (0.5 µg/ml) for 10 minutes (no shaking) and destained
by soaking in deionized water for 20 to 30 minutes.

2. Visualization
After staining with ethidium bromide, the Spreadex gels (which are quite
durable) were placed on a transilluminator in a gel documentation system (IS 1000 Digital imaging system from Alpha lnnotech Corporation). This system
allowed the banding pattern on the gel to be visualized and photographed and
also allowed bands (alleles) to be scored relative to each other and relative to
molecular weight markers such as Elchrom's M3 Marker Ladder. Imaging
software allowed the specification of marker sizes in base pairs after which the
software scored bands from the PCRs relative to these standards. Scores were
rounded to the nearest whole number to give the size for each allele.
Repeatability was tested by scoring the PCR bands using different marker lanes
from different parts of the gel and by scoring bands on different gels. Results
were consistent with estimated sizes differing no more than one base pair and
usually much less. Sizes were found to group into size categories differing by two
or three base pairs depending on whether or not the loci being tested was the
dinucleotide or trinucleotide locus. Based on the information from the Spreadex
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gels both of the tested loci were seen to be polymorphic and a microsatellite
banding pattern was revealed.
Tests for Cross-species Amplification
To test whether or not the microsatellite loci isolated and characterized
from Acanthephyra curtirostris were conserved in other oplophorids, multiple
PCR amplifications were conducted using DNA template from other oplophorid
species (particularly other species in the genus Acanthephyra) and the
sucessfully designed microsatellite primers from A. curtirostris. Test
amplifications were performed at the optimized annealing temperature for A.
curtirostris and also at 5 °C below this optimized temperature. DNA template was
tested from Acanthephyra acutifrons, Acanthephyra eximia, Acanthephyra
gracilipes, Acanthephyra prionota, Notostomus elegans, Crangon nigromaculata,
and Homarus americanus. PCR tests for cross-species amplification were
performed using the HotStarTaq Master Mix Kit from Qiagen. Polymerase chain
reactions were set up by adding 1 µI of DNA template to each tube (DNA ::::1 O
ng/µ1), adding 11.5 µI of a primer/water mix (supplied deionized water with
primers at a concentration of 1 µM each), and then adding 12.5 µI of the
HotStarTaq Master Mix. Final concentrations in each tube were 2.5 units Taq
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DNA polymerase, 1X PCR buffer with MgCl 2 at 1.5 mM, 200 µM of each dNTP,
and 0.5 µM each of forward and reverse primers. After set up, PCR cocktails
were overlayed with 20 µI of mineral oil and placed into an MJ PTC-100
thermocycler. The thermocycler program consisted of an initial incubation step of
95 °C for 15 minutes, followed by cycles of 60 s at 94 °C, 60 s at the appropriate
annealing temperature (see Tabel 7), and 45 sat 72 °C. Thirty cycles were
completed followed by a final extension at 72 °C for 10 minutes.
The results of the PCR amplification tests were examined on 6%
nondenaturing polyacrylamide gels (1 X TBE) using a small vertical slab gel
electrophoresis rig (Mini-PROTEAN II from Bio-Rad). Samples of the PCR
amplification (3 µI) were added to 2 µI of Type II loading buffer (Sambrook et al.,
1989) and loaded into lanes next to DNA size standards (D15 marker from
Novagen and the 25 bp step ladder from Promega). After electrophoresis, gels
were stained with an ethidium bromide solution (0.5 µg/ml) and visualized on a
transilluminator. In cases where PCR was sucessful (i.e. band(s) were present in
the expected size range), additional PCR reactions were conducted using 4-5
individuals from the positive species and samples of the PCR amplifications were
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run on a Spredex gel and stained with ethidium bromide to test for the presence
of polymorphism and a microsatellite banding pattern .

Using Microsatellites
Population Screening
A. DNA Isolation
Template DNA for population screening was isolated from individuals in all
three of the study locations using a small amount of ethanol preserved tissue.
Isolations were made from 54 individuals from off Oahu, 30 individuals from off
Point Conception and 37 individuals from San Clemete Basin. The DNA
isolations were performed using both a phenol/chloroform extraction tecnique
(Protocol 2.2 Appendix 2) and the DNeasy® Tissue Kit from Qiagen (Protocol 2.3
Appendix 2).

8. Quantification of DNA Samples
DNA samples from both methods of isolation were quantified using a TKO
100 mini-fluormeter (Protocol 3.1 Appendix 2) and working stock was prepared
by diluting each sample to 10 ng/µI.
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C. PCR Amplification
PCR amplifications for population screening were performed using the
HotStarTaq Master Mix Kit from Qiagen. Polymerase chain reactions were set up
by adding 1 µI of DNA template to each tube (DNA ""10 ng/µ1), adding 11 .5 µI of a
primer/water mix (supplied deionized water with primers at a concentration of 1
µM each), and then adding 12.5 µI of the HotStarTaq Master Mix. Final
concentrations in each tube were 2.5 units Taq DNA polymerase, 1X PCR buffer
with MgCl 2 at 1.5 mM, 200 µM of each dNTP, and 0.5 µMeach of forward and
reverse primers. After set up, PCR cocktails were overlayed with 20 µI of mineral
oil and placed into an MJ PTC-100 thermocycler. The thermocycler program
consisted of an initial incubation step of 95 °C for 15 minutes, followed by cycles
of 60 s at 94 °C, 60 s at the primer-specific annealing temperature (see Table 7),
and 45 sat 72 °C. Thirty cycles were completed followed by a final extension at
72 °C for 30 minutes since a long final extension step tends to force adenylation
of PCR fragments which, if not uniformly achieved, may lead to single base-pair
differences in identically-sized amplification products. PCR amplifications were
placed at 4 °C until loaded on gels for separation of alleles.
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D. Separation of Alleles and Visualization
PCR products from population screening reactions were loaded onto
Spreadex gels for the separation of alleles. These gels were prepared as
described above and electrophoresed for 500 to 700 minutes at 300 volts. Each
gel contained at least two marker lanes with the M3 marker ladder (Elchrom).
The gels were stained with ethidium bromide as has been described previously
and visualized on a gel documentation system (IS - 1000 Digital imaging system
from Alpha lnnotech Corporation). Software from the gel documentation system
was used to size alleles based on the molecular weight size standards in the
marker lanes. Estimated allele sizes were rounded to the nearest whole number
and alleles were placed into the nearest bin or category that was developed by
examining the data and the sequence of the original microsatellite allele
characterized.
Data Analysis
Genetic Diversity Analysis
A. Genetic Variation and Tests for Departures from Hardy-Weinberg
Equilibrium
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To analyze the variation at microsatellite loci in the three populations, the
number of alleles per locus (A), allele size range (R), size (S) and frequency (F)
of the most common alleles, unique alleles (U), and number of genotypes (G)
were determined for each population at each locus with the help of the program
Microsatellite Toolkit (Park, 2001 ). Allele frequencies for each population at each
locus were calculated using GENEPOP (version 3.3; Raymond & Rousset,
1995). The frequency of each allele at a given locus was obtained by dividing the
total number of each allele in each population by the total number of all alleles at
that locus. An allele with a frequency of 0.01 or less was considered to be a low
frequency allele. A locus was considered to be polymorphic when the frequency
of the most common allele (F) was equal to or less than 0.99 (Nei, 1987).
Tests for departure from Hardy-Weinberg Equilibrium were conducted
within each population for each locus to test for a deficiency of heterozygotes. A
deficiency of heterozygotes is primarily important for two reasons: unsuspected
genetic subdivision within a sample is expected to lead to a deficiency of
heterozygotes (a "Wahlund effect") and the presence of "null" or nonamplifying
alleles within a population will lead to an excess of apparent homozygotes
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(Brookfield, 1996). In addition, tests for linkage disequilibrium were conducted to
verify the independence of each locus.
Tests for linkage disequilibrium and departure from Hardy-Weinberg
expectations were conducted using GENEPOP version 3.3 (Raymond & Rousset
1995). The program applies exact tests according to Fisher, using the Markov
chain algorithm described by Guo & Thompson (1992) to test the null hypothesis
of a random union of gametes and the null hypothesis that genotypes at one
locus are independent from genotypes at another locus. Results of the Markov
chain algorithm are estimates of unbiased exact P-values. The precision of the
probability estimate associated with the null hypothesis (eg. HW equilibrium) is
reflected in the standard error (SE) of the estimate. Long Markov chains increase
the precision of the estimate and result in lower SE values. Default parameters:
dememorization

= 1000, batches = 100, and itenerations = 1000, were suffcient

to obtain P-values with low standard errors in the case of all tests and the length
of the Markov chain did not need to be increased. A correction for multiple
comparisons (sequential Bonferroni technique) was applied to both tests for
linkage disequilibrium and departure from Hardy-Weinberg Equilibrium (Rice
1989).
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GENEPOP was also used to calculate the observed heterozygosity (H 0 ),
which is the percentage of loci that are heterozygous in an average individual
(Beardmore et al., 1997). H0 was obtained by taking the observed number of
heterozygotes in a sample and dividing by the number of individuals in that
sample typed at that locus. The expected heterozygosity (He) was estimated
using the fromula He= 1- LP;2 , where the p; is the ith allele frequency (Nei, 1987).
The program FSTAT 2.9.3 (Gaudet 1995) was used to calculate Weir and
Cockerham's (1984) analogue of one of Wright's F statistics (Wright, 1951 ), Fis•
which estimates the reduction in the average proprtion of heterozygous
genotypes within a population caused by population substructure - i.e. withinpopulation deviation from random mating. Siginficance calculations for these Fis
values were performed by a random permutation procedure (n=200) (alleles were
permuted within samples) which tests whether or not the values differ from zero
(Gaudet, 1995).

B. Tests for Genetic Differentiation among Populations
To assess genetic differentiation, which is the acquisition of allele
frequencies that differ among populations (Hartl & Clark 1997), between the
three populations, Wright's Fs1 values were estimated following Weir and
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Cockerham (1984) by the FSTAT program. Fst values measure the reduction in
the average proportion of heterozygous genotypes among populations. The
significance of Fst values was determined by permutation tests to assess whether
or not values were significantly different from zero (Gaudet 1995).
Pairwise Fst values were calculated using GENEPOP. Statistical support
for pairwise population differentiation was obtained through exact G-tests on
allelic frequencies as described by Gaudet et al. (1996) with 2000
randomizations. Reported significance levels are after a correction using the
sequential Bonferroni technique (Rice, 1989).
To account for absolute allele length, the Fst analogue Ast, a measure
based on the correlation in allele size was estimated as in Michalakis and
Excoffier (1996) using a weighted analysis of variance. Multilocus estimates were
computed as in Weir and Cockerham (1984). Fst methods simply use allele
frequencies as the imput data. Ast, a measure that was developed specifically for
microsatellites (Slatkin, 1995) makes use the number of repeats in each allele
(allele size) to estimate population differentiation. FsT estimates the fraction of
the total variance in allele frequencies that is between populations, RsT estimates
the fraction of the total variance in allele size (in terms of repeat units) that is
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between populations. Allele sizes in base pairs were converted to number of
repeats by subtracting the known length of flanking sequence from the length of
each microsatellite allele. The program RsrCalc (Goodman, 1997) was used to
obtain overall and pairwise Rsr values and to assess their significance by
applying permutation tests with 2000 interactions and 2000 bootstraps to
determine whether observed Rsr estimates are significantly different than zero.
The genetic divergence (genie and genotypic) among the populations was
also examined by an exact test (Raymond & Rousset, 1995) and a log-likelihood
G test (Goudet et al., 1996) implemented in GENEPOP which estimates the
probability of whether or not the allelic and genotypic distribution was identical
between all pairs of populations.
C. Phylogenetic Relationships among Populations
The phylogenetic relationship among the three populations based on
microsatellite allele frequencies was estimated from Nei's genetic distance DA
(Nei, 1987) calculated between all pairs of populations. The chord distance DA of
Nei is an improved modification of the original Cavalli-Sforza and Edwards chord
distance De (1967). DA and De are more suitable than other distance measures in
reconstructing a reliable tree topology independent of mutation models applied
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(Takezaki & Nei, 1996; Kalinowski, 2002). The calculated pairwise distance
matrix was used to construct an unrooted neighbor-joining tree (Saitou & Nei,
1987) using the programs GENDIST, NEIGHBOR, and DRAWTREE in the
PHYLIP software package (Felsenstein, 1995). Reliability of the tree nodes was
evaluated by generating a consensus tree from 1000 bootstrap replicates of the
original allele frequencies using the subprograms SEQBOOT and CONSENSE
within the PHYLIP program package.
Analysis of Gene Flow
A. Average number of migrants (Nm)

The average gene flow among the populations was assessed from Fsr by
estimating the average number of migrants exchanged between populations
(Nm) using the relationship Nm= [ (1/F8 r) -1] /4 (Wright, 1978) under the
hypothesis that the population differentiation pattern is a result of equilibrium
between migration and drift. Multilocus estimates of the effective number of
migrants (Nm) per generation between samples were also calculated using the
private allele method of Slatkin (1985) and were corrected for sample size as
given in Barton and Slatkin (1986). Calculations of Nm based on private alleles
were conducted using GENEPOP version 3.3 (Raymond & Rousset, 1995).
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B. Isolation by Distance
In a model of isolation by distance (Wright, 1943; Slatkin, 1993; Hutchison
& Templeton, 1999), genetic distance between populations is expected to
increase with geographical distance resulting in a positive correlation between
genetic and geographical distances. Slatkin (1993) showed that, assuming that
the mutation rate is much smaller than the migration rate, this relationship
between the genetic and geographic distances can be used to visually detect
isolation by distance and to illustrate the amount of gene flow between
populations. The usual way to test the significance of any correlation between
distance measures and geographical distance is to use a Mantel test (Mantel,
1967).
To test for isolation by distance, two measures of pairwise genetic
distance, Fsr and Rsr. were plotted against the pairwise straight-line oceanic
distance, as well as ocean distance measured along the California Current which
flows along the California coast and the turns westward towards Hawaii (Pickard
&Emery, 1990). Statistical significance was evaluated using a Mantel test with
10,000 permutations as implemented in GENE POP (suboption ISOLDE).
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RESULTS
Microsatellites in Acanthephyra curtirostris
Microsatellites Found
A. Enrichment Protocol
No microsatellites were located using the enrichment technique.

B. Traditional Protocol
Attempts to locate microsatellite repeats in Acanthephyra curtirosris using
traditional techniques were successful. Nearly all of 32 selected clones
sequenced were found to contain microsatellite arrays, most of which were fully
characterized. In a few cases, inserts contained long microsatellites that were
resistant to sequencing, presumably because of secondary structure formed by
the microsatellite sequence which interfered with the Taq enzyme during cycle
sequencing. It was not possible to sequence completely through these long
repeats even when internal primers were designed to begin the sequencing run
just before the repeat and sequencing was performed using higher denaturing
temperatures. Consequently, it was impractical to characterize these long
repeats in regards to the exact number of repeat units although it is clear that
they are long and some of the repeat composition was revealed.
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Microsatellite sequence in A. curtirostris appears to be abundant with
many different dinucleotide, trinucleotide, and tetranucleotide sequences present
(Table 6, Appendix 4). Given a library of 3800 clones, and based on the
estimated average size of the inserts and the number of microsatellites isolated
(around 28), a microsatellite-containing sequence would be expected at least
every 136 kb. The dinucleotide CA was the most commonly encountered
microsatellite sequence. Simple repeat sequences were found, but it was also
found that most (64%) of the microsatellite arrays isolated were composite
consisting of adjacent runs of dinucleotide, trinucleotide, and tetranucleotide
sequence. Some of the repeats were quite complex consisting of 3 or 4 different
repeat sequences. Repeats tended to be pure, or perfect, even if they were
composite. Long repeats were common, particularly in the case of the
dinucleotide repeats-many of which had runs of 50-100 or more repeat units.
There was also a strong suggestion that microsatellites may be clustered with
two or more distinct loci occurring near each other in the same cloned insert. One
hexanucleotide repeat was found (CCCACA} 6 which was part of a complex
microsatellite sequence.
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Table 6. Microsatellite repeat motifs found in Acanthephyra curtirostris.

Length of repeat unit

Motif

2

CA/GT
TA/AT

3

CAC/GTG
CTT/GAA

4

TATG/ATAC
TGTA/ACAT
TGTC/ACAG
TCCG/AGGC
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Marker Loci Developed
Primers were designed and PCR conditions optimized for two relatively
short perfect repeats - a dinucleotide and a trinucleotide (Table 7). These loci
were designated Acu1 and Acu2 respectively. Both loci were found to amplify
cleanly and to be polymorphic (Figure 12a and 12b). Designed primer pairs were
found to work successfully in all three of the study populations.

Cross Species Amplification
Population screening and tests tor cross-species amplification showed
that priming sites in the flanking regions of the microsatellite loci Acu1 and Acu2
are conserved enough to allow the optimized primers to amplify microsatellite
bands consistently within Acanthephyra curtirostris and in some other
oplophorids - at least within the genus Acanthephyra (Table 8). The primers
Acu1 F and Acu1 R amplified microsatellite alleles in Acanthephyra prionota and
the primers Acu2 F and Acu2 R amplified microsatellite alleles in both

Acanthephyra prionota and Acanthephyra acutifrons. In all cases where primers
amplified microsatellite bands the locus was polymorphic. Neither of the primer
pairs for Acu1 and Acu2 gave successful amplifications using DNA from the
oplophorid shrimps Acanthephyra eximia, Acanthephyra gracilipes, or
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Table 7. Microsatellite marker loci developed for Acanthephyra curtirostris. Values for repeat motif and size are for the
sequenced allele.

.......
-.....J
l\J

Primer Sequence (5'-3')

Locus

Repeat
Motif

Primers

Acu1

(CA) 9

Acu 1 F

ATTCGCCCAGTGTTACCATC

Acu1 R

GTAAAAATTGCTTTGTTTTAGTT ATGC

Acu2 F

GCCCTTCATCACTGTAATACTGTA

Acu2 R

GATTTTAGCTGAAATTCATGAGGT

Acu2

(CTT)s

Size
(bp)

Optimum Annealing
Temperature (°C)

190

56

170

58

1'

2

3

4

5

6

7

8

9

10 11 12 13 14

259
242
238
234
217
213
206
201
192
190/190
184
180

Figure 12a. Typical Spreadex gel (8% polyacrylamide with Spreadex™ additive)
showing 14 individuals from Oahu typed for the locus Acu1. Size of marker
bands (M3 marker) are listed in base pairs.
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1 2 3 4 5 6

7 8 9 10 11 12 13 14 15 16

270
259
242

238
234
217
213

206
201
192
190/190
184

180
174

160

Figure 12b. Typical Spreadex gel (8% polyacrylamide with Spreadex™ additive)
showing 16 individuals from Oahu typed for the locus Acu2. Size of marker
bands (M3 marker) are listed in base pairs.
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Table 8. Cross-species amplification using primers designed for Acanthephyra
curtirostris. Tests producing successful amplification of microsatellite bands are

indicated by"+", unsuccessful amplification is indicated by"-". The number of
individuals (n) tested for each species is given. Multiple PCR amplifications were
done on each individual using each primer pair.

Species

n

Acanthephyra acutifrons

5

Acanthephyra eximia

1

Acanthephyra gracilipes

1

Acanthephyra prionota

4

Notostomus elegans

1

Crangon nigromaculata

1

Homarus americanus

1

175

Locus

Locus

Acu1

Acu2

+

Polymorphic

+

yes

+

yes/yes

Notostomus elegans. The primer pairs also failed to give amplification products in
Crangon nigromaculata (a caridean shrimp) or Homarus americanus (American
Lobster) .
Genetic Diversity
Variation at Microsatellite Loci and Conformity to Hardy-Weinberg
Equilibrum

Allele frequencies at the two microsatellite loci in the three study
populations are given in Table 9 and the relative frequency of occurrence in each
population is illustrated in Figure 13. Both of the microsatellite loci were
polymorphic and showed considerable variation in all three populations. For all
populations a total of 33 alleles were found over all loci. Numbers of alleles per
locus in the three populations sampled ranged from 9 to 11 . The mean number of
alleles for locus Acu1 was 10.3 and the mean number of alleles for locus Acu2
was 10.0. The range of allele sizes (R), the size of the most common allele (S),
frequency of the most common allele (F), and the number of unique alleles (U) at
each locus is shown in Table 10. Neither of the two loci had the same most
frequent allele across all three populations but several of the most frequent
alleles were strongly represented in two or more populations. A total of 12 alleles
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Table 9. Allele frequencies at two microsatellite loci in three
populations of Acantheyphyra curtirostris from the Northeastern
Pacific. Alleles are identified by the size of the amplified PCR
fragment. Sample size is shown in parenthesis.
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Locus

Acu1

Acu2

Allele

Oahu (54)

180
184
186
188
190
192
194
196
198
200
202
204
206
210
234
254
268

0.06

164
167
170
173
176
179
182
185
188
191
197
200
203
206
212
242

0.11
0.11
0.14
0.16
0.08
0.24
0.13
0.01

0.25
0.19
0.06
0.23
0.08

Point

San

Conception

Clemente

(30)

(37)

0.02
0.07
0.18
0.17
0.05
0.10

0.12
0.16
0.19
0.11

0.03
0.10
0.13
0.15

0.04
0.01

0.05
0.07
0.15
0.07
0.01
0.04
0.03

0.06
0.02

0.01
0.01
178

0.02

0.03
0.10
0.10
0.15
0.13
0.15
0.02
0.27
0.02
0.02

0.02
0.07
0.19
0.07
0.19
0.12
0.04
0.05
0.20
0.05

Figure 13. Histograms of allele counts (absolute value) by population. Alleles are
indicated by their size in base pairs. N is the number of individuals sampled in
each population
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Table 10. Descriptive statistics for Acanthephyra curtirostris populations from the
Northeastern Pacific at two different microsatellite loci.

Population

Locus
Acu1

Acu2

Mean all loci

N

54

54

54

A

10

9

9.5

R

180-268

164-242

s

190

179

F

0.250

0.240

0.245

u

4

4

4

L

1

3

2

G

27

29

28

He
Ho

0.83

0.85

0.82

0.81

PHw

0.96

0.80

N

30

30

30

A

10

11

10.5

R

180-202

167-206

s

186

200

F

0.183

0.267

0.225

u

1

1

1

L

0

0

0

G

23

21

22

He
Ho

0.87

0.86

0.90

0.87

p

0.67

0.88

Oahu

Pt. Conception
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Table 10 (continued)

Population

Locus
Acu1

Acu2

Mean all loci

N

37

37

37

A

11

10

10.5

R

186-234

173-206

s

190

200

F

0.189

0.202

0.195

u

2

0

1

L

1

0

0.5

G

27

25

26

He

0.88

0.86

Ho

0.95

0.91

PHw

0.69

0.91

N

121

121

121

A

17

16

16.5

R

180-268

164-242

s

190

179

F

0.182

0.213

0.197

G

44

33

38

San Clemente

All populations

Notes to Table 10:
Number of individuals (N), number of alleles per locus (A), range of allele sizes
(R), size in base pairs (S) and frequency (F) of the most common alleles, number
of unique alleles (U), number of low-frequency alleles (L), number of genotypes
(G), expected heterozygosity (He), observed heterozygosity (H 0 ) and the
probability of conforming to expected Hardy-Weinberg proportions (PHw).

192

were found to be unique to a single population: eight in the Oahu population, two
in the Point Conception population and two in the San Clemente population.
Although some of the apparently unique alleles were present at relatively low
frequencies, others were seen to be present in greater numbers within individual
populations. The number of genotypes present in the three populations ranged
from 21 to 29 (Table 10). The observed heterozygosity was high for both loci
ranging from 0.81 to 0.95 in the three populations. In all cases observed
heterozygosities were near - either above or below - that expected. All
populations were found to conform to Hardy-Weinberg equilibrium proportions at
both loci (Table 10). Exact tests for linkage disequilibrium failed to obtain
significant P values for a pairwise comparison of loci in each population
indicating that the loci were independent.
Population Differentiation and Structure

Exact tests of microsatellite data for overall population differentiation
revealed significant differences in genotypic and genie frequencies among the
three populations when both loci were combined (P < 0.0001 ). Through the same
tests, differentiation was also detected for each locus independently (P < 0.01 ).
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Multilocus genotypic tests between all possible pairs of samples gave results
indicating significant heterogeniety (P < 0.05) between all samples (Table 11 ).
Esitmates of FsT and RsT indicated substantial and highly significant levels
of intersample genetic variance. The overall multilocus FsT was 0.065 (P<0.001 ),
and the overall multilocus RsT was 0.251 (P<0.001 ). Overall FsT and RsT values
were significant for each locus individually as well (P<0.01 ). The results of
pairwise tests for genetic differentiation among samples, both pairwise FsT and
pairwise RsT are presented in Table 12. The results show substantial and
significant (P<0.001) genetic differentiation between the Hawaiian sample and
each of the two Californian samples. A lesser but still significant (P<0.05) degree
of heterogeneity is seen between the two Californian samples These values
remained significant even after a Bonferroni correction was made. Although
values for RsT were slightly larger than those of FsT• the same pattern of genetic
differences was indicated by both measures.
Genetic Distance and Phylogenetic Relationships
Allelic frequencies at the two microsatellite loci in each pair of geographic
samples were used to calculate the genetic distance (DA) between the samples.
A lower level of genetic distance was observed between the two Californian
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Table 11. Results of Exact tests of differences in microsatellite allele frequencies
between all pairs of samples of Acanthephyra curtirostris.

OH
OH
PT

1***, 2***

SC

1***, 2***

PT

SC

<<0.001

<<0.001
0.047

2*

Site abbreviations are as defined in Table 1.
Above diagonal: multilocus probabilities of homogeneity. Below diagonal:
individual loci exhibiting significant differences (1 =Acu1, 2=Acu2; *P<0.05,
***P<0.001 ).
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Table 12. Pairwise estimates of multilocus Fsr (above diagonal) and Slatkin's
analogous Rsr (below diagonal) between all pairs of samples of Acanthephyra

curtirostris.

OH
OH
PT

0.272***

SC

0.221 ***

PT

SC

0.100***

0.069***
0.006*

0.014*

Site abbreviations are as defined in Table 1.
*P<0.05, ***P<0.001
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populations showing that they are genetically more similar (D

= 0.024). A greater

genetic distance was observed between the Hawaiian sample and the samples
from Point Conception and San Clemente Basin (D = 0.147 and 0.123
respectively). An unrooted neighbor-joining tree illustrating this phylogenetic
relationship is shown in Figure 14. The tree showing that all three populations
were clearly differentiated was supported by high bootstrap values and the
topology was robust with respect to other genetic distance measures, or other
treebuilding methods such as UPGMA.
Gene Flow
Indirect Estimates of Gene Flow

The estimated number of migrants per generation (Nm) exchanged
between populations calculated by Slatkin's private allele method was 2.8
between the Point Conception sample and the San Clemente Basin sample, 0.75
between the Oahu sample and the sample from San Clemente Basin, and 0.63
between the Oahu sample and the Point Conception sample. Values calculated
by Fsr were slightly higher (4.4 for Point Conception/ San Celemete Basin, 2.9 for
Oahu/San Clemete Basin, and 2.2 for Oahu/Point Conception).
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OH

0.1

0
0
T-

PT

Figure 14. Unrooted neighbor-joining tree based on Cavalli-Sforza chord
distances among sampling locations. The length of the tree branches is relative
to the genetic distances (note scale). Numbers are percentage support from
1000 bootstraps.
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Isolation by Distance
As is almost obvious from the pairwise FsT/ RsT comparisons and the
topology of the phylogenetic tree, microsatellite data from this study are
consistent with a pattern of isolation by distance. A strong positive correlation
between genetic distance and geographical distance is present (Figures 15a, 15b
and 16a, 16b). Mantel tests conducted using matrices of pairwise FsT and RsT
and a pairwise geographical distance matrix indicated that the associations were
statistically significant (P = 0.037 for FsT and P < 0.01 for RsT using straight-line
oceanic distance and P < 0.01 for both FsT and RsT using distance measured
along the California Current) with the null hypothesis of no correlation between
geographical distance and genetic distance being rejected.
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Figure 15a. A scatter diagram of the pairwise genetic differentiation
values (F 8 r) plotted against the pairwise straight-line oceanic
distance (in kilometers). The line represents the best fit linear
regression (r2 = 0.846). Populations involved in pairwise
comparisons are listed beside each data point (OH= Oahu; PT=
Point Conception; SC= San Clemente Basin).
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Figure 15b. A scatter diagram of the pairwise genetic differentiation
values (F8 r) plotted against the pairwise geographic distance (in
kilometers) measured along the flow of the North Pacific Gyre. The
line represents the best fit linear regression (r = 0.914).
Populations involved in pairwise comparisons are listed beside
each data point (OH= Oahu; PT= Point Conception; SC= San
Clemente Basin).
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Figure 16a. A scatter diagram of the pairwise genetic differentiation
values (RsT) plotted against the pairwise straight-line oceanic
distance (in kilometers). The line represents the best fit linear
regression (r2 = 0.933). Populations involved in pairwise
comparisons are listed beside each data point (OH = Oahu; PT =
Point Conception; SC= San Clemente Basin).

204

0.3

•

OH/SC

0.2

IC/)

((

0.1

PT/SC
o . o+-...____,.--~-..~~-r-~~...-~~....-~---..~~-r-~~....-~~.--~-.

0

1000

2000

3000

Distance (km)

205

4000

5000

Figure 16b. A scatter diagram of the pairwise genetic differentiation
values (Rsr) plotted against the pairwise geographic distance (in
kilometers) measured along the flow of the North Pacific Gyre. The
line represents the best fit linear regression (r2 = 0.975).
Populations involved in pairwise comparisons are listed beside
each data point (OH= Oahu; PT= Point Conception; SC= San
Clemente Basin).
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DISCUSSION
Microsatellites in Acanthephyra curtirostris

The microsatellites isolated from the deep-sea caridean shrimp
Acanthephyra curtirostris are to my knowledge the first microsatellites isolated
from the infraorder Caridea. These microsatellite sequences in A. curtirosris
appear to be abundant and varied and, interestingly, very similar to those
reported from penaeid shrimps (for example see Brooker et al., 2000). Based on
this study it is possible to characterize microsatellites in A. curtirostris as very
abundant. Indeed, the hybridization screening of only a limited partial genomic
library (i.e. only one large high density plate with around 3800 bacterial colonies)
was enough to locate a substantial number of positive clones, a high percentage
of which contained one or more microsatellite arrays. The detection of abundant
microsatellite sequence present in A. curtirostris gives further support to the
conclusion that microsatellites in decapod species are abundant. The expectation
that decapod species as a group contain microsatellite loci in abundance, while
supported by this study and evidence from several other studies - particularly
those using penaeid shrimps, is in direct disagreement with the current idea in
the literature that invertebrates have considerably fewer microsatellites than do
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vertebrates (Amos, 1999; Chambers & MacAvoy, 2000; Li et al., 2002). While
this is likely the case for many insect taxa (for examples see Cooper, 1995 and
Neve G & Meglecz, 2000), overall claims about invertebrates are unwarranted
since previous characterization of microsatellites has centered on a few
mammals and other vertebrates such as fish and is now only beginning to
include a wide representation of invertebrate taxa.
Further evidence regarding the nature of microsatellites in decapod
species was revealed by the sequencing of the various microsatellite repeats that
were isolated in this study. Microsatellites in A. curtirostris were found to be
generally long and complex, again consistent with reports of microsatellites in
penaeid shrimps and in conflict with current generalizations present in the
literature regarding invertebrates (Amos, 1999; Chambers & MacAvoy, 2000; Li
et al., 2002) which assert that microsatellite repeat arrays in invertebrates are
short. The unusually complex nature of microsatellite arrays in A. curtirostris which often consisted of composite sequences of three or more different repeat
motifs - was especially noteworthy since, in fact, reports of complex composite
microsatellites are rare in the literature (Chambers & MacAvoy, 2000).
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As noted earlier, the evolutionary and genetic mechanisms governing
microsatellite mutation remain somewhat controversial (Chambers & MacAvoy,
2000; Li et al., 2002). A full understanding of microsatellite mutation is necessary,
however, if maximal information is to be extracted from microsatellite data sets. It
is very likely that a comparative taxonomic approach will be the most helpful in
elucidating the complexities of microsatellite evolution. Information about the
nature of microsatellites in unstudied species and taxonomic groups such as A.
curtirostris and Caridea can be helpful to this effort. For example, Amos (1999

and 2000) has used a comparative taxonomic approach to examine microsatellite
evolution. By comparing information about microsatellite loci found in different
species, a model of microsatellite evolution is proposed in which microsatellites
undergo a "life cycle". The microsatellites are "born" and expand towards a length
boundary (possibly a species specific boundary) at which point they become
unstable and delete or degenerate into random sequence by accumulating point
mutations. The life history of the microsatellite is proposed to occur faster with
increasing mutability due to both greater heterozygosity and increased body
temperature resulting in less time spent at longer lengths. Consequently, the
model proposes that species with larger population sizes and/or higher body
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temperatures will have fewer and shorter microsatellites. The results of many
published studies seem to fit the proposed model (Amos, 1999; Amos, 2000) and
the model is useful to explain the decreased frequency of microsatellite loci in
birds and insects. The data from penaeid and caridean shrimp species, however,
do not appear to fit the model completely. While body temperatures are low,
particularly in the deep-sea shrimp A. curtirostris, the population sizes for shrimp
species are presumably quite large. A different or more complex model is likely
needed to account for the frequency and long lengths of microsatellite loci in
shrimp species.
Although the distribution of microsatellites is considered to be more or less
even in eukaryotic genomes - i.e. random (Hancock, 1999; Chambers &
MacAvoy, 2000; Sunnucks, 2000), current information is suggesting that the
distribution of microsatellite loci is more non-random than expected (for a review
see Li et al., 2002). A suggestion of one type of non-random distribution, the
clustering of microsatellites, was noted in A. curtirostris, with some of the cloned
fragments containing two distinct (separated by a stretch of nonrepetative
sequence) microsatellite arrays near each other in the same short fragment.
Such an arrangement has also been noted in penaeid shrimp by Brooker et al.
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(2000) and has occasionally been suggested by other researchers (e.g. Estoup
et al., 1993; Fisher et al., 1996). This type of arrangement could occur by random
chance, particularly if microsatellites are abundant, but also suggests that
microsatellite repeats may be occurring at different frequencies in different parts
of the genome.
Enrichment techniques using subtractive hybridization are based on
standard molecular biological techniques and are in many ways no more
technically demanding than more traditional protocols. Given that A. curtirostris is
rich in microsatellite sequence, it is curious that no microsatellite loci were
isolated using the enrichment protocol of Fischer and Bachmann (1998) despite
repeated efforts. The key feature of enrichment techniques based on subtractive
hybridization is that they contain an enrichment step at the very beginning of the
search process which acts to separate small restricted fragments of genomic
DNA that contain microsatellite repeats from small restriction fragments that lack
microsatellite repeats. An oligonucleotide complementary to the repeat sequence
of interest is immobilized - either by attachment to pieces of nylon filter paper or
to streptavidin-coated magnetic beads - and acts as a molecular hook to capture
restriction fragments that contain a target repeat array. All other restriction
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fragments are washed away. Captured fragments are then released by changing
the environmental conditions. The capture process is followed by PCR which
amplifies the numbers of captured fragments to create enough DNA inserts for
successful cloning. This cloning step is followed by sequencing or limited library
screening and then sequencing.
In the above process, PCR amplification is dependent on the initial
attachment of an adapter sequence to the end of all restriction fragments before
the selection process. During the enrichment attempts in this study, the process
was seen to fail at the PCR stage with no apparent amplification of captured
restriction fragments. This suggests that the ligation of complementary adapters
to the ends of the restricted genomic DNA fragments was not successful, and
indeed, Hamilton et al. (1999) have identified the ligation of adapters to the
restriction fragments as a critical step in the process of enrichment using
subtractive hybridization. The protocol of Fischer and Bachmann relied on a
single restriction enzyme (Rsa I) to restrict the genomic DNA and create a large
number of blunt end fragments that could be ligated to adapter oligonucleotides
in preparation for PCR. The enzyme Rsa I may not function equally well in all
species, however, it appeared to function reasonably well in A. curtirostris and a
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gel showed that some small fragments were present in the target size range for
inserts. The problem may have been that these small fragments were not the
result of clean restrictions by Asa I and did not have blunt ends on both sides. It
is suspected that many of the fragments may have been the result of shearing
forces or at best have only been restricted by Asa I on one side. For this reason,
adapters may have not ligated to both sides of restriction fragments and target
fragments, even if captured successfully, would not have been amplified by PCA.
Hamilton et al. (1999) have developed a protocol which addresses this
problem. The protocol features a newly designed blunt end adapter and utilizes a
variety of restriction enzymes to cut the genomic DNA which is made blunt ended
by the use of mung bean exonuclease to chew off any overhangs. This
procedure increases both the number of small restriction fragments and the
success of adapter ligation resulting in increased recovery of sequences
(successful PCA) after subtractive hybridization. It is expected that the use of a
procedure such as that proposed by Hamilton et al. would give a successful
result to efforts to isolate microsatellites from A. curtirostris using subtractive
hybridization since traditional protocols showed that microsatellites are not rare in
this shrimp as they are in some taxa.
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Why are Shrimp Microsatellies so Long?
Reports of very long microsatellites are rare in the literature (Amos, 1999),
although precise definition of long may vary depending on the taxa being
compared. Regardless of this fact, microsatellite repeat arrays present in
decapod crustaceans, especially in penaeid shrimp and A. curtirostris are as long
as any that have been described in various taxa. Although issues relating to the
mechanism of microsatellite genesis and mutation remain partially unresolved,
most researchers accept the idea that microsatellies are "born" from regions of
cryptic simplicity that have arisen by chance (Chambers & Macavoy, 2000;
Schlotterer, 2000) and that the repeat arrays expand over time due to an upward
mutation bias which comes into play once a certain threshold is reached. It is
widely recognized, though, that there must be a limit to microsatellite expansion.
Cross species comparisons indicate that microsatellite loci can be conserved
over long evolutionary time spans (Schlotterer et al., 1991; Rico et al., 1996). In
no case, however, has the size of microsatellite arrays reached extreme values.
What then is the nature of the barrier to microsatellite expansion and why do
some species or taxa have consistently longer microsatellite arrays?
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A variety of models have been proposed for the nature of the
microsatellite length barrier (Amos, 1999; Chambers & MacAvoy, 2000), these
include a reflecting boundary, a size boundary above which microsatellites are
not able to exist, an absorbing boundary, a length level at which long loci become
unstable and either suffer large deletions or degenerate by single nucleotide
substitutions, and a centrally-directed mutation bias in which short- and mediumlength alleles expand but long alleles contract. Whatever the nature of the
boundary it has been suggested that it may be species or taxon specific (Amos,
1999; Schlotterer, 2000).
Given that microsatellite loci are conserved across species it is possible to
determine whether or not the number of repeats differs between species pairs. A
few taxon pairs have been intensively studied. These include humans and
chimpanzees, cattle and sheep, and Drosophila melanogaster and Drosophila
simulans. To avoid the problem of ascertainment bias (the putative tendency for
microsatellite loci to have longer alleles in the species from which they were
isolated due to the methods and criteria used to characterize them), all
comparisons used microsatellites isolated from both taxa in each pair. Despite
the availability of large data sets, the results have been less than clear. For
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Drosophila, no differences between species were detected (Hutter et al., 1998).

Two reports dealing with cattle and sheep returned conflicting results (Crawford
et al., 1997; Ellegren et al., 1997). The comparison of microsatellites originating
from humans and chimpanzees consistently showed more repeat units in
humans (Amos et al., 1996; Cooper et al., 1998).
More data from orthologous loci in taxonomic pairs are needed to fully
resolve the question. However, a persistent trend of a large number of loci in
phylogenetically distant species being consistently different in length is also
evidence for species specific length boundaries. The data from A. curtirostris
contributes to mounting evidence that microsatellite arrays are generally longer in
decapods and that length boundaries vary between species and taxonomic
groups.
One explanation for the size distribution of microsatellites, has been that
the length of an array is determined by combining the effects of DNA slippage
and base substitution (Schlotterer, 2000). In this model, the infinite growth of a
microsatellite array is prevented by the accumulation of base substitutions
(Kruglyak et al., 1998). Assuming a constant rate of base substitutions, the
microsatellite length limit is determined by the rate of replication slippage (i.e.
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microsatellite mutation rate). Hence, species with short microsatellites would
have a lower rate of microsatellite mutation and species with longer
microsatellites would have a higher rate of microsatellite mutation. Such a model
would be consistent with the recent view that it is the rate of mismatch repair that
is the modulator of the microsatellite mutation rate (Li et al., 2002) since the
efficiency of mismatch repair system determines the degree to which replication
slippage changes microsatellite arrays.
A species such as A. curtirostris might have a MMR system that is less
efficient at detecting and repairing slipped strand mutations resulting in a higher
rate of microsatellite evolution and typically longer alleles. Such a mechanism of
higher than normal microsatellite mutation could also account for other
characteristics seen in the microsatellite arrays of A. curtirostris and penaeid
shrimp. These would include an abundance of microsatellites, complex
composite arrays and apparent clusters of repeat tracts.
The lack of very long microsatellite arrays in most organisms has been
taken as evidence that natural selection is maintaining microsatellites within a
certain size range (Bowcock et al., 1994; Garza et al., 1995; Nauta & Weissing,
1996). This implies a reflecting boundary for microsatellite arrays but the
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boundary would not have to be the same for all species. Indeed, a pattern and a
heterogeneity of length boundaries implies a process of selection since selective
ecological-genomic forces are not likely to be constant for all organisms. Natural
selection acting against long arrays is clearly the case with respect to
trinucleotide repeat arrays which cause diseases in humans (Rubinsztein, 1999),
but there is no evidence that long arrays are toxic in general, nor that allele
frequency distributions at longer allele loci conform to theoretical expectations
under a reflecting boundary due to natural selection - expectation is a large
number of alleles trapped at or near the length boundary. Evidence, however,
continues to accumulate suggesting that natural selection may be acting as a
constraint to microsatellite expansion by forming a length ceiling (Li et al., 2002;
Morgante et al., 2002).
Proposals that microsatellites may be less neutral than previously believed
(e.g. Li et al., 2002), - that they are in fact functionally important- are consistent
with the idea that natural selection may be acting to maintain length boundaries.
If, as has been proposed, (Kashi & Soller, 1999; Li et al., 2002) microsatellite
structures are functionally important for gene transcription, translation, chromatin
organization, recombination, DNA replication, or other regulatory functions,
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common length ceilings would not be expected. Long microsatellites in A.
curtirostris and other decapods may have a functional basis and could arguably
support the idea that microsatellite arrays are not fully neutral. Consistently
longer microsatellites in A. curtirostris are another example of nonrandomness or
pattern displayed by microsatellite arrays and call attention to the fact that the
neutrality of microsatellite markers may not be assumed.
Although arguments for the non-neutrality of microsatellite markers have
been presented, it should be noted that despite numerous examples where the
functional role of repeated sequences is known, the origin and biological function
of microsatellite arrays is poorly understood. Researchers suggesting the
absence of complete neutrality in regards to microsatellite arrays are not
suggesting that microsatllite markers are less ideal for use in molecular
ecological, population genetic, or genetic mapping studies, but only that
insufficient knowledge, or absence of information on functionality, should not
justify a nearly automatic assumption that microsatellite variation is fully neutral.

Conservation of Microsatellite Markers
Whenever microsatellite markers are isolated and characterized, the issue
of their utility for studies involving related taxonomic groups is of interest since
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the development of microsatellite markers requires considerable effort and
expense. The journal Molecular Ecology (Blackwell) publishes special volumes
of primer notes that consist almost entirely of short reports describing the
isolation of new microsatellites and tests for cross-species amplification.
Although, as explained earlier, the use of previously developed microsatellite
markers in related species can be quite successful in some instances, the value
of any microsatellite system can be expected to decrease with increasing
phylogenetic distance as sequence divergence occurs (Schlotterer, 1998). A
given locus may fail to amplify due to an accumulation of mutations in the
flanking primer sites or fail to be polymorphic in the non-source species if
changes occur in the repeat itself. Chambers & MacAvoy (2000) have called
attention to the fact that a consideration of the phylogenetic position of a nonsource species should affect one's expectation of successful cross-species
amplification. Taking into account the mutation process in the flanking region and
the life cycle concept of microsatellite evolution, it follows that microsatellite
systems are more likely to work for species that evolved later, but from the same
most recent common ancestor as the source species, than for species that
branched off earlier than the source species. Extending this chain of logic, one
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can offer the general prediction that once a microsatellite system has been found
to work in two closely related species, then one may be fairly certain that it will
work in descendant species, but much less certain that it will work in antecedent
species.
A reversal of this line of reasoning leads to the realization that the success
or failure of attempts to amplify microsatellite loci from other species has
phylogenetic implications as well. In the same way that phylogeny leads to
expectations about the success of cross-species amplifications, tests for crossspecies amplifications lead to expectations regarding phylogeny. This is
important for groups of organisms, such as the Oplophoridae, for which no
phylogeny has been worked out. During a test for cross species amplification,
phylogenetic information is recovered from the flanking regions which are in a
very rough sense "sequenced" by the microsatellite amplification attempt.
Indications are therefore present that A. acutifrons and A. prionota are closely
related to A. curtirostris - perhaps sharing a recent common ancestor - and that
A. eximia and A. gracilipes are more distantly related. This is interesting given

the fact that Acanthephyra is a relatively large oplophorid genus which some
have speculated may be polyphyletic (Chace 1986).
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Genetic Variability at Microsatellite Loci in Acanthephyra curtirostris
The microsatellite markers used in this study detected high levels of
variation, with an average observed heterozygosity of 88% per locus. The mean
number of alleles per locus was 16.5 over all populations with very few low
frequency alleles present in any of the populations. This is consistent with what
would be expected from microsatellite loci which, as a rule, are characterized as
being hypervariable (for exceptions see Nyakaana & Arctander, 1999; Waldick et
al., 1999; Garcia-Rodriguez et al., 2000). It is not unusual for microsatellite
markers to show high heterozygosities (values sometimes approaching 100 %} in
all groups of organisms and they are frequently considerably more polymorphic
than other genetic markers, showing high levels of variation even in organisms
that are known to have low levels of genetic variability (for examples see
Daemen et al., 2001; Reichow & Smith, 2001 ). Indeed microsatellite markers in
shrimp have been found to be especially polymorphic, showing levels of
variability that far exceed those of conventional nuclear markers. For example,

14-28 alleles per locus for two loci were reported in Penaeus monodon from
Thailand (Tassanakajon et al., 1998), 34 -84 alleles per locus in Penaeus
monodon near Australia (Brooker et al. , 2000), 4-24 alleles per locus in
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Marsupenaeus japonicus (Moore et al., 1999) and 21-47 alleles per locus in
Litopenaeus vannamei (Garcia and Alcivar-Warren, 1996; Wolfus et al., 1997).
The extra high levels of variability found in shrimp microsatellites in comparison
to many other groups of organisms is likely the result of their typically greater
number of repeat units (length) since it is commonly accepted that longer
microsatellites have greater instability and thus a higher mutation rate (Estoup &
Cornuet, 1999; Li et al., 2002). It is interesting, however, that even though the
microsatellite marker loci used in this study were selectively developed from a
few of the relatively shorter loci that were isolated from A. curtirostris, these loci
showed substantial variation. A possible explanation for this would be the fact
that microsatellite stability is known to vary between species and larger
taxonomic groups (for examples see Schug, 1997; Mclean & Taylor, 2001 ).
These differences could be based on differences in proofreading and mismatch
repair systems as discussed above which allow higher or lower mutation rates
(Eisen 1999; Li et al., 2002). The results of this study give further support to the
idea that microsatellite loci in shrimp are highly variable. Overall, results of
variability at microsatellite loci in A. curtirostris are consistent with what has been
found in other shrimp species which seem to be characterized as showing very
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high levels of variability at long loci and substantial variability even at smaller loci.
For instance, Xu et al. (2001) found the overall number of alleles per locus to
range from 6-54 at six different loci in Penaeus monodon. Three small loci with
less than 20 repeat units were found to have 6-14 alleles per locus while the
other three large microsatellite loci were found to have 46-54 alleles per locus.
Differentiation Among Populations of Acanthephyra curtirostris

The results of this study lead to the rejection of the null hypothesis of no
genetic differentiation among Acanthephyra curtirostris in the Northeastern
Pacific. Evidence of nonpanmixia was revealed by the results of genie and
genotypic tests of population differentiation over all populations and by significant
global FsT and RsT values. Overall, microsatellite data provided good evidence for
genetic subdivision of A. curtirostris within the Northeastern Pacific. This was
both at a very large scale, as can be seen when comparing the samples from off
Hawaii and California (pairwise FsT and RsT), and at a smaller scale, which can
be seen when comparing the two samples from off the California coast. One of
the most striking results was the detection of subtle population genetic structure
even over the relatively short distance between the two California samples(:::: 500
km). Not only is there a lack of genetic homogeneity across half an ocean but
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significant FsT and RsT values indicate genetic differentiation over even shorter
distances. This conclusion was supported by the presence of unique alleles even
within the two California samples. Altogether, the data suggest that there is at
least some restriction of gene flow between the Point Conception sample and the
San Clemente Basin sample. Although the genetic differentiation among
populations of A. curtirostris in the Northeastern Pacific estimated by FsT and RsT
values is not large, it is significant and shows a lack of panmixis and a limited
level of genetic subdivision.
This result is consistent with the increasingly accepted conclusion that
widespread zooplanktic marine species may not be as panmictic as previously
assumed (Benzie, 2000a). The questioning of this longstanding assumption that
zooplanktic marine species should show little spatial variation in genetic structure
has taken some time. This is because there have been few studies of
widespread oceanic zooplanktic species over oceanic scales, particularly using
DNA markers. The logistical and financial difficulties in working over oceanic
scales means there are few data sets (see Benzie, 1998; Benzie, 1999) and
oceanic organisms are not often economically important particularly in the deepsea. The more prevalent DNA based studies done over oceanic scales with
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whales, turtles, and pelagic fish such as tuna do not address the question since
these animals may not be constrained by oceanic currents or other potential
barriers and, in the case of whales and turtles, their genetic structure appears to
be dominated by social interactions and the return to specific breeding grounds
(Benzie, 2000a) In addition, much of the genetic structure likely to be revealed in
oceanic marine zooplankters is in many cases likely to be weak, even if it is
biologically important. For this reason , it is important that more studies be done
utilizing relatively large sample sizes and high-resolution genetic markers such
as microsatellites. It is also important to note that where the expectation exists
that there will be little genetic structure, there is little incentive to look for such
structure.
The result of detectable genetic structure among A. curtirostris populations
within the Northeastern Pacific is also consistent with recent results from other
DNA based studies involving widespread pelagic crustaceans which also
detected spatial genetic variation. Many of these studies were conducted using
species of penaeid shrimps (for review see Benzie, 2000b). For example, Aubert
& Lightner (2000) identified genetic populations of the Pacific Blue Shrimp
Penaeus stylirostris in the Gulf of California using RAPDs, Brooker et al. (2000)
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used microsatellite markers to detect population genetic structure around
Australia in the Black Tiger Shrimp Penaues monodon, and Xu et al. (2001) used
microsatellites to detect genetic structure in Penaeus monodon populations in the
Philippines. Other studies, such as a survey of mitochondrial variation in krill
across the Atlantic and Mediterranean (Zane et al. , 2000) continue to indicate
that pelagic crustaceans are genetically structured to various degrees across
oceans. This conclusion is strengthened by the results of this study and this
survey of microsatellite variation helps to extend the evidence for genetic
subdivision among pelagic crustaceans into the deep-sea.
Gene Flow Among Acanthephyra curtirostris Populations
Gene Flow as Estimated by Nm
The genetic similarity of a group of populations depends on the number of
migrants exchanged per generation. If there is a high rate of migration, the entire
population approaches panmixia. On the other hand, if populations do not
exchange migrants, genetic differentiation occurs due to the forces of mutation
and genetic drift and possibly selection as well. Such genetic divergence can in
time lead to various levels of genetic structure and possibly speciation.
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Marine invertebrates, particularly those that are part of the zooplankton either as adults, or as part of an extended larval phase - are expected to have
high values of Nm indicating extensive gene flow (Silva & Russo, 2000; Reichow
& Smith, 2001 ). This is due to the expectation that high levels of dispersal in

these species will result in a large number of migrants. The precise meaning of
the Nm measure, however, is not so clear and estimates are generally suspect to
a limited degree. It has been estimated that if two populations exchange an
average of one individual per generation they will not diverge genetically
(Allendorf & Phelps, 1981 ). Surprisingly, this number is somewhat independent of
population size. This occurs because the exchange of a single individual in a
large population will be enough to minimize the small effect of genetic drift seen
in large populations. And conversely, the large genetic drift effect seen in small
populations is counteracted by the fact that the exchange of a single individual
represents a transfer of a larger portion of the gene pool. There is considerable
debate as to whether this one individual rule holds up empirically (Varvio et al.,
1986). This is because the accuracy of gene flow estimates based on indirect
measures is difficult to determine. Direct estimates of migration are often
impossible in natural populations and even if such tedious and difficult
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information is obtained, the actual number of migrants exchanged may not give
an accurate estimate of how many migrants actually contributed to the gene pool
in the other population. Furthermore, both of the common methods for
determining the effective number of migrants are subject to problems. Slatkin's
method for determining Nm based on the number of unique alleles is not as
accurate when the subsets to be analyzed (in this case populations) have fewer
than 20 private alleles (Slatkin, 1985). And while it may be problematic to
estimate accurately an Nm value when the number of private alleles is very low,
Whitlock and McCauley (1999) pointed out that Fsr is a nonlinear function of Nm
and can rarely be translated into an accurate estimate of the number of migrants.
It is clear, however, that Nm values should be relatively small in
genetically subdivided populations - only a few migrants may prevent significant
divergence among subpopulations - and would be large among populations that
are genetically homogenous. Values obtained from comparisons among
populations of A. curtirostris in the Northeastern Pacific (ranging from 0.63 to 2.8
based on Slatkin's private allele method and 2.2 to 4.4 based on Fsr) are clearly
not the high values expected from a panmictic unit, though values of Nm
obtained between the two California populations (2.8 based on Slatkin's private
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allele method and 4.4 based on FsT) approach those needed to prevent genetic
differentiation (Cockerham, 1973; Mills & Allendorf, 1996; Hartl, 2000). Nm
estimates do, however, indicate a somewhat restricted gene flow and a reduced
genetic connectivity among the A. curtirostris populations sampled.
Isolation by Distance
Given that the oceanic enviroment is in many ways very homogeneous,
distance itself is often expected to act as an isolating mechanism being
reponsible for any observed population genetic structure seen in planktonic
marine invertebrates (for examples see Nishida & Lucus, 1988; Benzie &
Stoddart, 1992). On the other hand, there are many examples among marine
invertebrates of larva and vagile adults being transported over extremly large
distances - as large as entire oceans (Palumbi, 1996). It is also the case that
zooplanktic marine invertebrates show genetic structure over scales that are
much smaller than what would be expected based on the known average
dispersal distances (Benzie, 2000a). These facts argue against the importance of
distance alone as an isolating mechanism. It was not possible in this study,
however to rule out the influence of distance since microsatellite data were
consistent with a simple model of isolation by distance. This is particularly true if
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distance along the North Pacific Gyre was used in order to determine the
geographical distance between populations.
Barriers to Gene Flow

Although there is definitely a strong correlation between geographical
distance and genetic distance seen, the correlation is based on only three data
points and other barriers to gene flow might be important. These potential
barriers may include: (1) behavioral mechanisms that limit random dispersal
(Burton & Feldman, 1982; Bowen et al., 1989; Baker et al., 1990), (2) selection
against immigrants (Kohen et al., 1980) or selection for balanced polymorphisms
(Karl & Avise, 1992), (3) underappreciated simple hydrographic or physical
barriers (Shaw et al. , 1999), (4) complex oceanographic circulation patterns such as one way current flow (Benzie & Stoddart, 1992), and historic barriers to
gene flow (Bert & Harrison, 1988; Avise, 1992; Burton & Lee, 1994; Palumbi,
1996)
There are indications that some of these types of barriers may be present
to the dispersal of A. curtirostris across the Northeastern Pacific. Selection itself
may be a barrier since even in the deep sea it is possible to show that
environments are not completely homogeneous. It is well known that oxygen
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concentrations in the deep sea are much lower in the Eastern Pacific and Cowles
et al., (1991) have shown that A. curtirostris collected off Hawaii are not able to
survive at the lower oxygen levels found off California. It is very possible that
different regions of the North Pacific have other ecological differences as well.
Something as simple as food availability could act as a barrier, Both in the areas
off California and off of the Hawaiian Islands, there is strong upwelling, great
productivity, and large opolophorid shrimp populations. They viability of
populations of A. curtirostris below the less productive oligotrophic waters
present between California and Hawaii is unknown and such a situation may be a
barrier to the free movement of individuals and consequently alleles. It is
interesting to note, as well, that in the case of zooplankton the presence of
prevailing currents can easily act as a form of barrier. Benzie (2000a) has called
attention to the fact that the marine environment is not all that familiar to humans
and we have a minimal ability to perceive the importance of boundaries to
species in the sea. Because of this, population samples taken may be somewhat
random and less than adequately distributed. This coupled with the limitations of
working with oceanic organisms means the determinants of genetic structure in
widespread marine organisms are difficult to determine. On the other hand,
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continued studies may demonstrate the causes of genetic structure in
widespread marine organisms and the typical patterns of genetic structure
expected.

Direction of Gene Flow
The detection of population genetic structure and lack of panmixis within

A. curtirostris in the northeastern Pacific using microsatellite loci does not
preclude a substantial amount of gene flow between populations. Fsr I Rsr values
were significant but comparatively low - especially between the California
populations - and calculated Nm values were only relatively low. Gene flow is
due of course to dispersal of adult and/or larval individuals. This dispersal could
be enough to prevent a large amount of divergence and eventual speciation but
not enough to cause an amalgamation of the populations by homogenizing the
gene pools. An interesting question relates to the likely direction of migration of
individuals, particularly in regards to established currents.
Although A. curtirostris spends its adult life at depth staying preferentially
in the midwater and failing to participate in daily migrations towards the surface
as many oplophorids do (Butler, 1980; Krygier & Percy, 1981 ; Cowles et al.
1991 ), larval A. curtirostris are reportedly present near the surface (Gaten &
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Herring, 1995) and individuals are most planktonic at this particular life stage.
While larval A. curtirostris are present at the surface, they are subject to transport
by the well understood surface currents of the North Pacific Gyre (Figure 2),
which, in addition to moving along the California coast moves in a generally
south and westward direction across much of the North Pacific (Pickard & Emery,
1990). Such a flow should carry plankton from off California in the direction of
Hawaii. Indeed, drifting objects moving within the North Pacific Gyre have been
tracked moving along the California coast and then on towards Hawaii
(Ebbesmeyer & Ingraham, 1994). Genetic data from this study are consistent
with such a directional flow of dispersal with the San Clemente Basin population
showing a close r genetic relationship to the Oahu population than that shown by
the Point Conception population, though both of the California populations are
much more divergent from the Hawaiian population than they are from each
other.
Problems with such an interpretation, aside from the tact that data is
limited to only three sampling locations, include the fact that the uniform current
flow of the gyre is somewhat disturbed in the Southern California Bight (Dailey et
al. , 1993), and the tact that zooplankton may not be able to fully utilize the large

235

surface currents as dispersal routes. Although the more defined Gulf Stream has
been described as a conveyor belt, entraining and transporting both water and
plankton across the North Atlantic Ocean in a matter of months, recent studies
have suggested that the conveyor belt may be hard to stay on and therefore may
fail to promote genetic homogenization of geographic populations (Bucklin,
1995). In the case of the Gulf Stream there is a significant loss of water to the
edges of the stream caused by mixing with adjacent waters so that only the
center of the stream is a fluid pathway (Song et al., 1994) and there are also
large losses from the stream with ring formation (Richardson, 1983).
If the current of the North Pacific Gyre subjected larval A. curtirostris to
even a general direction of movement, however, this may be enough to give
directionality of gene flow in a deep-sea species which may be widely and
continuously distributed and able to disperse multidirectionally depending on the
life stage and different physical conditions based on depth.
The hypothesis of a directionality to gene flow between the populations of

A. curtirostris in this study based on the surface currents of the North Pacific
Gyre suggests the idea that one population may be the source of alleles that are
then transmitted to populations downstream by the current flow. In such a
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situation it might be expected that the populations further along the current (San
Clemente Basin and Oahu) would have more alleles than the Point Conception
Population. This does not seem to be the case. Around 20 alleles were located in
each population. This was true even though the sample size surveyed from
Hawaii was substantially larger (54 individuals from Oahu vs. 37 and 30
individuals from San Clemente Basin and Point Conception respectively). The
yield of alleles for each population sample - ratio of the number of alleles found
divided by the sample size - was 0.70 for Point Conception, 0.57 for San
Clemente Basin, and 0.37 for Oahu.
It is possible, however, that alleles are moving with the currents of the
North Pacific Gyre but that the limited number of populations do not make up a
system involving a source and a sink. A. curtirostris is present throughout the
Northeastern Pacific and alleles may be feeding into the Point Conception
population following the California Current from further up the North American
coastline. It is also interesting to note that the longest alleles were present in
Hawaii which given the life cycle concept of microsatellite evolution suggest that
they are older. Also of interest is the fact that the Oahu population had the most
unique alleles.
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Future Studies
Measuring gene flow directly through such methods as mark and
recapture is often difficult in the marine environment and is even more so in the
deep sea. Furthermore, as has been mentioned, successful migration does not
always translate into successful transfer of genes (Whitlock & Maccauley, 1999).
Therefore indirect approaches to determining gene flow such as the one used in
this study (i.e. Fsr analysis of population genetic structure) are commonly used.
Such indirect methods are not without controversy (Bossart and Prowell, 1998;
Whitlock and McCauley, 1999). Structure may arise from selection, historical
processes, or ecological factors and it is difficult to separate these processes
from current gene flow patterns (Bossart and Prowell, 1998). Studies of closely
related or similar species might get around this problem, on the premise that
congeneric or ecologically similar species might share similar life histories and
ecologies and thus any differences in genetic structure should owe their origins
to differences in gene flow (Bohonak, 1999).
The conclusion that deep-sea species such as A. curtirostris are not
typically genetically homogeneous, panmictic units but instead are likely
genetically structured across their species range due to barriers to gene flow
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would be strengthened greatly by additional studies of similar and sister species.
Additional population genetic studies using more populations of A. curtirostris,
other oplophorid species with cosmopolitan distributions such as Systellaspis
debilis, or other wide-ranging deep-sea crustaceans would bolster the
conclusions of this study and give a better idea of the scale of genetic structure
that is present in the deep-sea zooplankton as well as the significance of any
barriers to gene flow. Similarly, the development and use of additional
microsatellite loci within A. curtirostris would strengthen the conclusions about
the degree of genetic structure present, since due to stochastic processes in a
finite population, fixation indices such as Fsr are expected to vary among loci.
While even a single microsatellite locus typed in a few individuals may be
powerful enough to demonstrate the presence of population genetic structure,
more loci help to give a more accurate estimate of genetic divergence.
Conclusions

Microsatellites in A. curtirostris are abundant and varied and similar to
those found in penaeid shrimp and other decapods that have been studied to
date. Additionally, microsatellites in A. curtirostris, like those in penaeid shrimps,
appear to be generally long and complex in comparison to those found in other
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organisms. The complex structure of microsatellites in A. curtirostris is
remarkable since reports of complex composite microsatellites are rare in the
literature.
Microsatellite repeats in A. curtirostris are highly polymorphic, as expected
in decapod crustaceans, and provide high-resolution markers useful to determine
population genetic structure. Even small repeat loci show high levels of
polymorphism.
Microsatellite marker loci developed for A. curtirostris can be expected to
work well across populations and within some members of the genus
Acanthephyra such as A. acutifrons and A. prionota. However, cross species
amplification may not be possible throughout the genus Acanthephyra or the
family Oplophoridae both of which may be phylogenetically diverse.
A moderate level of population genetic structure is present among the
samples of A. curtirostris in the northeastern Pacific. Genetic differentiation and
lack of genetic homogeneity among the geographic populations of A. curtirostris
provides further evidence that genetic cosmopolitanism is not a valid concept for
many species of marine zooplankton, even in the deep-sea. Genetic analyses
can provide information about differentiation among populations, but attributing
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that differentiation to specific processes such as dispersal ability, genetic
barriers, selection or historical processes can be difficult. This study has shown
evidence of genetic differentiation among A. curtirostris populations even within a
single ocean
A. curtirostris populations in the Northeastern Pacific may be affected by

the currents of the North Pacific Gyre which may serve as a one way conduit of
gene flow and a contributing factor to the development of population genetic
structure.
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APPENDIX 1
Formulas and Recipes
Stock Solutions and Media
A. Stock Solutions
1.

30% Acrylamide (29:1 Acrylamide-Bis)
Dissolve 29 g of acrylamide and 1 g of N,N-methylene-bis-acrylamide in a
total volume of 60 ml of deionized water. Heat the solution to 37 °C to
dissolve and adjust the volume to 100 ml with deionized water. Check that
the pH of the solution is 7.0 or less and store the solution at room teperature
in a dark bottle. Caution! Acrylamide is a potent neurotoxin and is absorbed
through the skin. Wear gloves when handling solutions and wear gloves and
a mask when weighing powdered acrylamide and N,N-methylene-bisacrylamide.

2.

Ammonium acetate 1O M
Dissolve 385.4 g ammonium acetate in 150 ml of deionized water. Bring
water to 500 ml.

3.

10% Ammonium persulfate
Weigh out 1 g of ammonium persulfate and add water to 1O ml. The solution
may be stored at 4 °C for 1-2 weeks. Alternatively aliquots in 1.5 ml
microcentrifuge tubes can be stored at -20 °C for several months.

4.

Ampicillin 100 mg/ml
Weigh out 100 mg of ampicillin for each ml of deionized water. Dissolve.
Filter sterilize through a .22 µm syringe filter into sterile 1.5 ml
microcentrifuge tubes. Make more stock solution than will be needed since
some volume is lost in filter sterilization. Store aliquots at -20 °C.
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5.

Cl (Chloroform-lsoamyl alcohol)
A solution of chloroform and isoamyl alcohol in the ratio of 24: 1.

6. 50X Denhardt's solution
1X working solution:
0.02%

BSA (Fraction V)

0.02%

Polyvinylpyrrolidone (PVP)

0.02%

Ficoll

Add 5 g polyvinylpyrrolidone (PVP), 5 g bovine serum albumin (Fraction V,
Sigma), and 5 g Ficoll (Type 400, Amersham Pharmicia) to 485 ml deionized
water. Dissolve, filter sterilize, and aliquot into sterile 50 ml centrifuge tubes.
Store at-20 °C.
7.

EDTA 0.5 M
Dissolve around 7 g of sodium hydroxide pellets in about 300 ml of deionized
water. Continue adding NaOH pellets (always wait for them to dissolve) until
the pH is about 8.0. Once the pH is adjusted, add 93.1 g of the disodium salt
of ethylenediamine tetraaceetic acid (Na2 EDTA · 2H 20) and dissolve. EDTA
will not dissolve until the solution has a pH greater than 7.0. Bring the volume
close to 500 ml with deionized water and adjust the pH to 8.0 using 1OM
NaOH. Adjust the final volume to 500 ml and autoclave. Store at room
temperature.

8.

Ethidium bromide 5 mg/ml
Weigh out 5 mg of ethidium bromide for each ml of deionized water.
Dissolve. Store in a bottle protected from light. Hazard! Ethidium bromide is a
powerful mutagen. Wear a mask when weighing it out and always wear
gloves when working with solutions that contain it.
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9.

50% Glycerol
Make a volume/volume solution of 100 ml glycerol and 100 ml deionized
water. Put in bottle and sterilize by autoclaving.

10. Hoechst 33258 1 mg/ml
Weigh out 1 mg of Hoechst 33258 for each ml of deionized water. Dissolve.
Store at 4 °C in a bottle protected from light. The dye stock solution must be
prepared with water not buffer. The dye will precipitate if stored in buffer for
extended periods.
11 . Hybridization buffer for Southern
6X

SSC

1X

Denhardt's solution

0.5%

sos

20 mM

NaH2 PQ4

Add sheared salmon sperm DNA to a concentration of 100 µg/ml.
12. IPTG 100 mM
Dissolve 0.238 g of

lsopropylthio-~- D -galactoside

(IPTG) in 8 ml of deionized

water. Adjust the volume of the solution to 1O ml with deionized water. Filter
sterilize through a .22 µm syringe filter into sterile 1.5 ml microcentrifuge
tubes. Store tubes at -20 °C.
13. Loading buffer (Type II)
0.25%

Bromophenol blue

0.25%

Xylene cyanol FF

15%

Ficoll (Type 400 Amersham Pharmacia)

Weigh out 1 .5 g ficoll and 25 mg each of the dyes bromophenol blue and
xylene cyanol FF. Place ingredients in a 15 ml Falcon tube and add filtered
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deionized water to the 10 ml mark on the tube. Mix well and aliquot into 1.5
ml microcentrifuge tubes for storage at room temperature. Make sure not to
use too much of the dyes - use 25 mg or less.

14. NaCl 5 M
Dissolve 292.2 g of sodium chloride in 800 ml of deionized water. Adjust the
volume to 1000 ml with deionized water.

15. NaOH 10 M
Dissolve 400 g sodium hydroxide in 450 ml of deionized water. Adjust the
volume to 1000 ml with deioized water.
16. PCI (Phenol-Chloroform-lsoamyl alcohol)
This is a solution of phenol, chloroform, and isoamyl alcohol, in a ratio of

25:24:1. A layer of water may form at the surface - the PCI is the lower layer.
17. Phosphate-buffered saline (PBS)
Dissolve 8 g of NaCl, 0.2 g of KCI, 1.44 g of Na2 HP04 , and 0.24 g of KH 2 P04
in 800 ml of deionized water. Adjust the pH to 7.4 with HCI. Add water to

1000 ml. Sterilize by autoclaving and store at room temperature.
18. Sodium acetate 3 M
Dissolve 40.8 g sodium acetate · 3H2 0 in 80 ml of deionized water. Adjust
the pH of the solution to 7.0 using glacial acetic acid. Add water to a final
volume of 100 ml, autoclave and store at room temperature.

19. 20%

sos

Dissolve 1OOg of sodium dodecyl sulfate (sodium lauryl sulfate) in deionized
water and dilute to 500 ml. Aliquot. Do not refrigerate or autoclave.
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20. Southern hybridization base (Denaturing solution)
1.5 M

NaCl

0.5 M

NaOH

Dissolve 87.75 g NaCl and 20 g NaOH in 800 ml deionized water. Bring final
volume to 1000 ml with deionized water. Store at room temperature.
21 . Southern hybridization neutralizer (Neutralizing solution)
1.5 M

NaCl

0.5 M

Tris-HCI

Dissolve 87.75 g NaCl and 78.8 g of Tris base in 700 ml of deioized water.
Adjust pH to 8.0 with concentrated HCI and bring the final volume to 1000 ml.
Store at room temperature.

22. 20X SSC
3M

NaCl

0.3 M

Sodium citrate

Dissolve 175.3 g of NaCl and 88.2 g of sodium citrate in 800 ml of deionized
water. Adjust the pH to 7.0 with 1 M HCI. Bring the volume to 1000 ml with
deionized water.
23. STE (Sodium chloride-Tris-EDTA) lysis buffer
100 mM Sodium chloride
50 mM

Tris-HCI (pH 8.0)

1 mM

EDTA

To 350 ml deionized water add 2.34 g NaCl, 2.42 g Tris base, and 0.152 g
EDTA (tetrasodium salt). Dissolve. Adjust pH to 8.0 using concentrated HCI.
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Adjust the final volume to 400 ml with deionized water. Split into aliqouts and
autoclave.
24. SOX TAE (Tris- Acetate-EDTA) electophoresis buffer
1X working solution:
40 mM

Tris acetate

2 mM

EDTA

To 600 ml of deionized water add 242 g Tris base, 57.1 ml glacial acetic
acid, and 37.2 g EDTA (disodium salt). Disolve. Add deionized water to 1
liter. The pH should be somewhere around 8.5.
25. 1OX TSE (Tris-Borate-EDTA) electrophoresis buffer
1X working solution:
89 mM

Tris base

89 mM
2 mM

Boric acid
EDTA

Weigh out 108.0 g Tris base, 55.0 g of boric acid, and 9.5 g of EDTA
(disodium salt) and add to 750 ml deionized H20 . Adjust pH to 8.3 with
sodium hydroxide or acetic acid. Adjust final volume to 1 liter. A precipitate
inevitably forms in this solution with storage at room temperature. The buffer
continues to work despite this precipitate.
26. TE (Tris-EDTA) buffer pH 8.0
10 mM

Tris-Cl

1 mM

EDTA

Combine 10.0 ml of 1 M Tris-HCI (pH 8.0) and 200 µI of 0.5M EDTA (pH
8.0). Bring the final volume to 1000 ml with deionized water. Split into
aliquots, autoclave, and store at room temperature.
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27. 10X TNE (Tris-NaCl-EDTA) buffer
1X working solution:
200 mM NaCl
1O mM

Tris-Cl

1 mM

EDTA

Weigh out 116.8 g of NaCl, 12.1 g Tris base, and 3.7 g of EDTA (disodium
salt) and add to 800 ml deionized H20. Adjust pH to 7.4 with concentrated
HCI. Adjust final volume to 1 liter with deionized water. The concentrated
buffer stock can be refrigerated and stored for months.
28. Tris-HCI 1 M pH 8.0
Dissolve 121.1 g of Tris base in 700 ml of deionized water. Adjust the pH to
8.0 with concentrated HCI (it will take about 15 ml). Dilute to 1000 ml with
deionized water.
29. X-gal 20 mg/ml
To a 15 ml polypropylene Falcon tube add 0.2 g of 5-bromo-4-chloro-3indolyl-~-D-galactoside

(X-gal) and 1O ml of dimethylformamide (DMF). Mix

by shaking until X-gal has dissolved. Store aliqouts at - 20 °C protected from
light. It is not necessary to filter sterilize X-gal solutions.
B. Media
1.

LB medium (Luria-Bertani medium)
per 1000 ml of deionized water:
1%

Tryptone

0.5%

Yeast extract

0.5%

NaCl
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Dissolve 1O g of tryptone, 5 g of yeast extract, and 5 g of NaCl in 1000 ml of
deionized water. Adjust pH to 7.0 with 5 N NaOH (several drops). If the LB
medium is to be used in plates, add 15 g of agar per liter. Autoclave 1 liter for
20-30 minutes at 15 psi on the liquid cycle.
2.

SOC medium
2%

Tryptone

0.5%

Yeast extract

0.05%

NaCl

2.5mM KCI
10mM MgCl 2
20mM

Glucose

Dissolve 20 g of tryptone, 5 g of yeast extract, and 0.5 g of NaCl in 950 ml of
deionized water. Make a 250 mM KCI solution by dissolving 1.86 g of KCI in
100 ml of deionized water. Add 1O ml of this stock KCI solution to the
medium. Adjust pH to 7.0 with 5 M NaOH, then bring the volume to 1 L with
deionized water. Autoclave, cool to approximately 55 °C and add 10 ml of
sterile 1 M MgCl 2 and 7.2 ml of sterile 50% glucose. Using sterile technique,
aliquot into

~terile

50 ml Falcon tubes. Store at room temperature or 4 °C.
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APPENDIX 2
Protocols
Protocol 1.1
Collection and Preservation of Shrimp Tissue for DNA Isolation using
Ethanol
A. Introduction
If at all possible, the best available preservation method should be used for all
samples collected since proper preservation will facilitate subsequent analyses.
Both the quality and quantity of tissue are important since well preserved tissue
samples can be kept as back-up and reference material. Although ethanol
preserved tissue from a recently dead individual may be satisfactory, the best
source for extractable DNA will be fresh tissue preserved from a live specimen.
Careful labeling and handling are important to prevent the mix-up of individual
tissue samples. Gloves and disposable materials used in this protocol allow the
collection of tissues from an individual shrimp using items that have not
contacted other shrimp tissue.
B. Materials
Cryovials (with color-coded caps)

Plastic disposable pastuer pipets

Ethanol (absolute)

Plastic disposable petri dishes

Lab markers (fine point)

Razor blades

Labeling tape

Storage racks for cryovials

Latex gloves

Wash bottle (Fisher #03-409-238)

Paper towels
C. Method
1.

Label cryovials with initials and a unique collection number. These numbers
should be cross-referenced to a data notebook with additional information
about specimens. Use color-coded caps for different species and
populations.
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2.

Set up for tissue extraction by placing the two halves of a disposable petri
dish on a paper towel to serve as cutting surfaces.

3.

Obtain a shrimp specimen (hopefully alive) and rinse in fresh seawater.
Place the shrimp in one of the petri dishes and cut out a major section of the
abdomen. Use a fresh new razor blade and wear gloves.

4.

Peel off the exoskeleton and drop the large piece of muscle tissue in the
unused petri dish.

5.

Use the razor blade to cut off small pieces of tissue(2-3 mm in diameter) and
to transfer these bits of tissue to the pre-labeled cryovial.

6.

Fill the cryovial with 100% ethanol using a wash bottle. Do not allow the tip of
the wash bottle to come close to the cryovial.

7.

Discard the razor blade, gloves, petri dishes, and paper towel. The remains
of the shrimp should be preserved in formalin if possible.

8.

Allow ethanol to diffuse through the tissue for 1-2 hours.

9. Suck out the diluted ethanol with a disposable pastuer pipet, and replace it
with fresh ethanol from the wash bottle. Discard pipet.
10. After soaking the tissue in the new ethanol for 1-2 days, perform a final
change of ethanol and prepare sample cryovials for storage.
11 . Store cryovials at 4 °C in storage racks and containers that are not
completely sealed. Ethanol vapor will gradually leak from the cryovials and
will degrade sample labels in a closed container.

D. Notes
1.

Absolute ethanol is highly flammable.
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2.

Contact with ethanol will cause labels to run.

3.

When cutting away part of the abdomen, it is best to avoid the destruction of
any taxonomic characters or secondary sexual structures so that the
maximum amount of information remains after tissue sampling.

4.

Ethanol preserved tissues can be stored at room temperature, but
preservation of DNA is best if samples are kept cool.

5.

It is a good idea to check samples periodically during storage since ethanol
may evaporate from cryovials over time - especially if caps are lose or
cracked. Replenish ethanol in cryovials as needed. Good quality DNA is still
obtainable from ethanol preserved tissues that have dried out.

Protocol 2.1
Large Scale Isolation of Genomic DNA from Shrimp Tissue using
Phenol/Chloroform
A. Introduction

A well recognized method for the isolation of total DNA from animal tissues
involves the use of SOS, Proteinase K, and phenol/chloroform (Gross-Bellard et
al., 1973; Sambrook et al. , 1989). In this method the animal tissue is ground and
suspended in a lysis buffer containing SOS, Proteinase K, and EDTA. The lysis
buffer serves to break down the cellular structure, digest cellular proteins, and
inactivate nucleases. By successive phenol/chloroform extractions, the mixture
containing DNA is deproteinized and the DNA is finally recovered by precipitation
using either ethanol or isopropanol in the presence of sodium or ammonium
acetate. The extraction of proteins from nucleic acid solutions is more effective if
using a phenol/chloroform mixture than if using phenol alone. Final extraction(s)
with chloroform alone will remove any traces of phenol from the nucleic acid
preparation. Isolation of genomic DNA using phenol/chloroform extractions
results in pure and high molecular weight DNA that is generally free from protein
and nucleases and is stable at cold temperatures. The following protocol is
designed to yield a large amount of genomic DNA by carrying out
phenol/chloroform extractions in a 15 ml polypropylene tube wh ich allows the use
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of a greater amount of starting tissue. This large scale phenol/chloroform
isolation protocol is useful when both the quality and quantity of DNA isolated is
crucial. For example, if RFLP analysis is planed or there is a need to construct a
genomic library for isolation of single copy nuclear sequences such as is required
for the microsatellite technique.

B. Materials
Cl solution
Clinical centrifuge
Disposable plastic dish
Dounce homogenizer
Ethanol (absolute)
Falcon tubes (15 ml)
Floating tube rack for 15 ml centrifuge tubes
Lab markers
Labeling tape
Latex gloves
Micropipetters and tips
NaCl solution (5M)
Paper towel/Kimwipes
PCI solution
Plastic disposable pastuer pipets
Proteinase K solution (20 mg/ml from Qiagen)
Razor blades
RNase solution (1 O mg/ml from Sigma)
SOS solution (20%)
STE lysis buffer
TE buffer
Water bath (55 °C)

C. Method
1.

Obtain live or ethanol preserved shrimp tissue (abdominal muscle tissue)
and, if necessary, cut off a large piece with a clean razor blade or
alternatively collect small pieces of tissue. The protocol requires a large
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amount of tissue. Use a piece of tissue equivalent in size to a small grape. If
the tissue is ethanol preserved it can be left for a few minutes in a small
disposable plastic dish so that the residual ethanol can evaporate.
2.

Place the shrimp tissue into a dounce homogenizer (homogenizer should be
washed and rinsed well) with 4 ml of STE lysis buffer(Appendix 1).

3. Quickly add to the homogenizer 100 µI of Proteinase K solution (20 mg/ml)
followed by 300 µI of 20% SOS.
4.

Using the pestle, break-up and homogenize the tissue as much as possible.
Take a few minutes.

5.

Transfer the homogenate to a 15 ml conical polypropylene tube (Falcon
tube).

6.

Place in a floating tube rack and incubate at 55 °C in a water bath for 3 hours
to overnight. Solution should clear as tissue dissolves. Mix occasionally
during incubation to keep the tissue suspended.

7.

Add 20 µI of RNase solution (1 O mg/ml) to the tube and place at room
temperature for another 30 minutes.

8.

Add 4.5 ml of PCI (Appendix 1) to the tube. Invert the tube gently a few times
to mix and let it incubate at room temperature for 5 - 10 minutes.

9.

Centrifuge for 15 minutes at 3000 rpm in a clinical centrifuge.

10. Carefully remove the aqueous (upper) layer with a disposable plastic pastuer
pipet and a micropipetter. Use a micropipetter with a wide bore tip to work
near the interface. Transfer this aqueous layer to a new labeled15 ml tube.
Be careful not to disturb the cellular debris at the interface.
11 . Re-extract the aqueous phase with PCI (repeat steps 8 - 10).
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12. Add an equal volume of Cl (Appendix 1), invert the tube gently a few times to
mix, and let the tube incubate at room temperature for 3 - 5 minutes.
13. Centrifuge for 15 minutes at 3000 rpm in a clinical centrifuge.
14. Carefully remove the aqueous (upper) layer with a disposable plastic pastuer
pipet and a micropipetter. Use a micropipetter with a wide bore tip to work
near the interface. Transfer this aqueous layer to a new labeled 15 ml tube.
Be careful not to disturb the interface.
15. Re-extract the aqueous phase with Cl (repeat steps 12 - 14).
16. Add 300µ1 of 5M NaCl and 8 ml of ice-cold 100% ethanol.
17. Precipitate DNA at - 20 °C for at least 2 hours.
18. Centrifuge tor 30 minutes at 3000 rpm in a clinical centrifuge.
19. Pour off the supernatant and wash the pellet in an excess of 70% ethanol.
20. Centrifuge again for 15 - 20 minutes at 3000 rpm .
21. Pour of the ethanol and allow the tube to stand upside down on a paper
towel for 10 - 15 minutes. Allow the pellet to air dry for 1 - 2 hours.
22. Add 300 to 500 µI TE to the DNA pellets. Allow the pellet to resuspend
overnight at room temperature. Add more TE if necessary up to 800 µI.
23. Place DNA sample at 4 °c

D. Notes
1.

Absolute ethanol is highly flammable .

2.

Contact with ethanol will cause labels to run.
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3.

The aqueous layer is usually the top layer, however, high salt concentrations
can cause inversion of the organic and aqueous phases.

4.

During ethanol precipitation it is important that the concentration of ethanol in
the solution be 66% or above.

5.

A place to stop during the protocol is after the ethanol precipitation. The
isolation can be left till the next day at - 20 °C.

6.

DNA from this isolation protocol has been stable for a few years in my
hands. Store at 4 °C for short time periods and - 20 °C for longer time
periods. Avoid freeze thaw cycles.

7.

Wear latex or vinyl gloves when working with DNA solutions to protect the
DNA from DAases on the surface of your skin or laboratory equipment.

Protocol 2.2
Isolation of Genomic DNA from Shrimp Tissue using Phenol/Chloroform
A. Introduction
The isolation of total cellular DNA using phenol/chloroform extraction yields pure,
high molecular weight DNA that is generally free from proteins and nucleases
and is stable at cold temperatures. The following protocol for the isolation of DNA
from shrimp tissue using phenol/chloroform is adapted from Hillis et al. (1996).
The protocol is useful for the isolation of DNA from small tissue samples and will
produce more than enough DNA for PCR applications.
B. Materials
Cl solution
Disposable plastic dish
Small teflon pellet pestles (Kontes)
Ethanol (absolute)
Floating tube rack for 1 .5 ml microcentrifuge tubes
Lab markers
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Labeling tape
Latex gloves
Microcentrifuge
Microcentrifuge tubes (1 .5 ml)
Microcentrifuge tube work rack
Micropipetters and tips
NaCl solution (SM)
Paper towel/Kimwipes
PCI solution
Proteinase K solution (20 mg/ml from Qiagen)
Razor blades
SOS solution (20%)
STE lysis buffer
TE buffer
Water bath (55 °C)

C. Method
1.

Obtain live or ethanol preserved shrimp tissue (abdominal muscle tissue).
Select or cut off a small piece - about the size of a grain of rice - using a
clean razor blade. If the tissue is preserved in ethanol, label two disposable
plastic dishes with the same sample ID number and use one dish to pour out
the tissue and ethanol from the vial or tube. When pouring out the ethanol
make sure to pour in such a way that any labels on the sample container are
not smeared. Select or cut off a small piece of tissue with a clean razor blade
and transfer it to the second dish. Leave the transferred tissue for a few
minutes so the residual ethanol can evaporate. Use the razor blade to put
any unused tissue back into the sample vial or tube and replace the ethanol.

2. Transfer the tissue to a labeled 1.5 ml microcentrifuge tube.
3.

Add 500 µI of STE lysis buffer (Appendix 1), 12 µI of Proteinase K solution
(20 mg/ml), and 36 µI of 20% SOS.

4.

Squish/grind the tissue with the teflon micropestle. A few passes at least.
The goal is to break up the tissue as much as possible.
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5.

Place in a floating tube rack and incubate at 55 °C in a water bath for 3 hours
to overnight. Solution should clear as tissue dissolves. Mix occasionally
during incubation to keep the tissue suspended.

6.

Add an equal volume of PCI (Appendix 1), invert gently to mix, and incubate
at room temperature for 5 minutes.

7.

Centrifuge for 5 minutes at high speed in a microcentrifuge (7000 g or more).

8.

Carefully remove the top aqueous layer with a micropipetter and a wide bore
pipette tip and transfer it to a new labeled 1.5 ml microcentrifuge tube. Be
careful not to disturb any cellular debris at the interface.

9.

Re-extract the aqueous phase with PCI (repeat steps 6 - 8).

10. Add an equal volume of Cl (Appendix 1), invert the tube gently a few times to
mix, and let the tube incubate at room temperature for 2 minutes.
11. Centrifuge for 3 minutes at high speed in a microcentrifuge (7000 g or more).
12. Carefully remove the aqueous (upper) layer with a micropipetter and a wide
bore pipette tip and transfer it to a new labeled 1.5 ml microcentrifuge tube.
Be careful not to disturb the interface.
13. Re-extract the aqueous phase with Cl (repeat steps 1O - 12).
14. Add 20µ1 of 5M NaCl and 2.5 volumes of ice-cold 100% ethanol.
15. Precipitate DNA at - 20 °C for at least 2 hours.
16. Centrifuge for 10 minutes at high speed in a microcentrifuge (7000 g or
more).
17. Pour off the supernatant and wash the pellet in an excess of 70% ethanol.
18. Centrifuge again for 10 minutes at high speed.
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21. Pour of the ethanol and allow the pellet to air dry for 1 - 3 hours.
22. Add 150 to 200 µI TE to the DNA pellets. Allow the pellet to resuspend
overnight at room temperature or 4 °C
23. Place sample tube at 4 °C
D. Notes

1.

Absolute ethanol is highly flammable.

2.

Contact with ethanol will cause labels to run.

3.

The aqueous layer is usually the top layer, however, high salt concentrations
can cause inversion of the organic and aqueous phases.

4.

During ethanol precipitation it is important that the concentration of ethanol in
the solution be 66% or above.

5.

A place to stop during the protocol is after the ethanol precipitation. The
isolation can be left till the next day at - 20 °C.

6.

DNA from this isolation protocol has been stable for a few years in my
hands. Store at 4 °C for short time periods and - 20 °C for longer time
periods. Avoid freeze thaw cycles.

7.

Wear latex or vinyl gloves when working with DNA solutions to protect the
DNA from DNases on the surface of your skin or laboratory equipment.

8.

It is important to work as close to the interface as possible when removing
the DNA-containing aqueous phase in order to get a good yield, however, if
you work to close, the purity of the isolation procedure may suffer.
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Protocol 2.3
Isolation of Genomic DNA from Shrimp Tissue using the DNeasy® Tissue
Kit
A. Introduction
Numerous companies offer kits to assist with the isolation of DNA from many
different types of organisms and tissues. These kits offer potential timesavings
and also provide uncontaminated premixed solutions. Many of these kits are
based on the ability of glass or silica to bind DNA in the presence of high
concentrations of chaotropic salts, which was first described by Vogelstein and
Gillespie (1979). DNA can be bound to silica under certain high-salt conditions
after which polysaccharides and proteins, which do not bind the silica, can be
washed away. Under low-salt conditions, the isolated DNA can then be
recovered as it is released from the glass. Companies, such as Qiagen, have
incorporated silica into membranes in micro-spin columns making fast and
convenient micropreparation possible because all steps are performed in a
microcentrifuge. This is particularly important if multiple samples are to be
processed. The DNeasy Tissue Kit (Qiagen, catalog# 69504) contains these
micro-spin columns and a recommended protocol for animal tissues. I have
found that Qiagen's kit and recommended protocol work well with shrimp muscle
tissue - fresh or ethanol preserved - especially if tissue is broken up first with a
teflon micropestle.
B. Materials
Disposable plastic dishes
DNeasy Tissue Kit (Qiagen, catalog# 69504)
Ethanol (absolute)
Floating tube rack for 1 .5 ml microcentrifuge tubes
Lab markers
Labeling tape
Latex gloves
Microcentrifuge
Microcentrifuge tubes (1 .5 ml)
Microcentrifuge tube work racks
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Micropipetters and tips
Razor blades
Teflon pellet pestle (Kontes)
Vortexer
Water baths (55 °C and 70 °C)
C. Method
1.

Obtain live or ethanol preserved shrimp tissue (abdominal muscle tissue).
Select or cut off a small piece - about the size of a grain of rice - using a
clean razor blade. If the tissue is preserved in ethanol, label two disposable
plastic dishes with the same sample ID number and use one dish to pour out
the tissue and ethanol from the vial or tube. When pouring out the ethanol
make sure to pour in such a way that any labels on the sample container are
not smeared. Select or cut off a small piece of tissue with a clean razor blade
and transfer it to the second dish. Leave the transferred tissue for a few
minutes so the residual ethanol can evaporate. Use the razor blade to put
any unused tissue back into the sample vial or tube and replace the ethanol.

2.

Transfer the tissue to a labeled 1.5 ml microcentrifuge tube. Add 180 µI
Buffer ATL and 20 µI Proteinase K (supplied at 20mg/ml)

3.

Squish/grind the tissue with the teflon micropestle. A few passes at least.
The goal is to break up the tissue as much as possible to facilitate lysis.

4.

Invert the tube a few times to mix and place in a floating tube rack in a 55 °C
water bath. Incubate until tissue is lysed and the solution clears (about 3
hours). Mix occasionally during incubation to keep the tissue suspended.

5.

Remove tube from the water bath. Vortex for 15 seconds. Add 200µ1 Buffer
AL. Mix thoroughly by vortexing and incubate in a floating tube rack placed in
a 70 °C water bath for 1O minutes.

6. Add 200 µI of 100% ethanol to the tube and mix thoroughly by vortexing.
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7.

Using a micropipetter, transfer the mixture from step 6 into a DNeasy minicolumn that has been placed in a 2 ml collection tube (collection tube is
provided in the kit).

8.

Centrifuge at 10,000 g for 1 minute. Discard the flow-through and collection
tube.

9.

Place the DNeasy mini-column in a new 2 ml collection tube (provided). Add
500 µI Buffer AW1 and centrifuge for 1 minute at 10,000 g. Discard the flowthrough and collection tube.

10. Place the DNeasy mini-column in a new 2 ml collection tube (provided). Add
500 µI Buffer AW2 and centrifuge for 3 minute at full speed (20,000 g) to dry
the membrane. Discard the flow-through and collection tube.
11. Place the DNeasy mini-column in a clean 1.5 ml microcentrifuge tube and
pipet 200 µI of Buffer AE directly onto the DNeasy membrane. Incubate at
room temperature for 1 minute and then centrifuge for 1 minute at 10,000 g
to elute the DNA.
12. Place eluted DNA sample at 4 °C
D. Notes

1.

Absolute ethanol is highly flammable.

2.

Contact with ethanol will cause labels to run .

3.

Ethanol (not provided in kit) must be added to Buffers AW1 and AW2.

4.

The lysis process (step 4) can be extended overnight with no adverse
affects.

6.

DNA from this isolation protocol has been stable for a few years in my
hands. Store at 4 °C for short time periods and - 20 °C for longer time
periods. Avoid freeze thaw cycles.
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7.

Wear latex or vinyl gloves when working with DNA solutions to protect the
DNA from DNases on the surface of your skin or laboratory equipment.

Protocol 3.1
Quantification of DNA using the Hoefer TKO 100 Mini-Fluorometer
A. Introduction
The quantification of DNA is a very important step in many molecular procedures
since it is necessary to know the amount of DNA present when carrying out
various techniques such as restriction digests or PCR. There are several different
methods used for quantifying DNA (see Linacero et al. , 1998; Ausubel et al. ,
1999). The simplest and most widespread is the comparison of fluorescence
intensity by eye using an aliquot of the extracted sample along with standard
DNA bands of known concentration run out on an agarose gel and stained with
ethidium bromide. Quantification by absorption spectroscopy is more precise and
can give information about sample purity as well. A 260 measurements are
quantitative for relatively pure nucleic acid solutions in microgram quantities.
However, absorbance readings cannot discriminate between DNA and RNA. The
ratio of A at 260 and 280 nm can be used as and indicator of nucleic acid purity.
In a pure DNA sample this ratio should be around 1.8. Lower values indicate
protein or possibly phenol contamination. Proteins, for example, have a peak
absorption at 280 nm that will reduce the A26c/A 280 ratio. Fluorescence
spectroscopy offers advantages over absorbance spectroscopy both in sensitivity
and specificity. Florescence spectroscopy can detect nanogram quantities of
DNA and can be conducted with dyes that are specific for DNA alone and which
do not detect the presence of RNA, proteins, or other substances. A common
dye used in florescence spectrophotometric assays of DNA is Hoechst 33258. In
the absence of DNA, the excitation spectrum of Hoechst 33258 peaks at 356 nm
and the emission spectrum at 492 nm. When the Hoechst 33258 binds to DNA,
the excitation spectrum peaks at 365 nm and the emmision spectrum at 458 nm.
The TKO 100 mini-fluorometer is a fixed wavelength fluorometer with emission
and detection peaks that are optimized for detecting the bound form of the dye.
The elegance of the TKO 100 mini-fluorometer is diminished by its actual
performance. The use of the machine is time consuming and it is widely
recognized as being temperamental. The following protocol is an abbreviated
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protocol with a simple two-point calibration that saves time and if conducted
carefully yields repeatable results.
B. Materials

Calf thymus DNA standard 1 mg/ml (Sigma D 0805)
Fluorometry cuvette (Amersham Pharmacia 80-6227-44)
Hoechst 33258 dye stock solution 1 mg/ml (Amersham Pharmacia)
Kimwipes
Micro-pipets and tips
TKO 100 Mini-fluorometer (Hoefer)
1OX TNE buffer
Vacuum filtration units (.22 µm)
Wash bottle with ethanol
Wash bottle with filtered deionized water
C. Method

1. Turn the TKO 100 at least 15 minutes before use.
2.

Prepare your reference DNA standard.
For the standard assay (for measuring DNA samples between 1 ng/µ1 and
500 ng/µI) prepare a 1: 1O dilution of the calf thymus DNA standard.
Calf thymus DNA standard (supplied at 1mg/ml)

100 µI

10X TNE

100 µI

Deionized water (filtered)

800 µI

For the extended range assay (for measuring more concentrated DNA
samples between 500 ng/µI and 2000 ng/µ1) do not dilute the calf thymus
DNA standard.
3.

Prepare 1X TNE. Dilute the concentrated buffer 1:1 Oto prepare the working
buffer solution, then filter to remove any particulate matter.
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4.

Prepare Assay Solution A (standard assay) or Assay Solution B (extended
range assay).
Solution A (0.1 µg/ml Hoechst dye in working buffer)
Hoechst dye stock

10 µI

Working buffer (1 X TNE)

100 ml

Solution B (1 .0 µg/ml Hoechst dye in working buffer)
Hoechst dye stock

100 µI

Working buffer (1 X TNE)

100 ml

Keep assay solutions at room temperature and prepare fresh daily.
5.

Adjust the SCALE control knob on the TKO 100 to approximately 50%
sensitivity - 5 clockwise turns from the fully counterclockwise position.

6.

Carefully clean the inside and outside of the cuvette with ethanol, filtered
deionized water, and a Kimwipe.

7.

Pipet 2 ml of Solution A or 8 into the cuvette and insert it into the TKO 100
cuvette well. Close the lid.

8.

Zero the fluorometer by turning the ZERO control knob until the instrument
reads "000". The instrument will normally fluctuate ±3 units around zero.

9.

Pipet 2 µI of the appropriate DNA reference standard into the assay solution.
Mix by pipeting up and down several times with a 1000 µI micro-pipet. Insert
cuvette into cuvette well and close the lid.
For the standard assay, 2 µI of 100 µg/ml DNA standard into 2 ml of assay
solution resu lts in a final concentration of 100 ng/ml. For the extended
range assay, 2 µI of 1 mg/ml DNA standard into 2 ml of assay solution
results in a final concentration of 1000 ng/ml
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10. Set the scale based on the reference standard by turning the SCALE control
knob.
For the standard assay, turn the SCALE knob until the display reads "100"
indicating a 100 ng/ml final concentration and an undiluted concentration
of 100 µg/ml (or 100 ng/µ1). For the extended range assay, turn the
SCALE knob until the display reads "1000" indicating a 1000 ng/ml final
concentration and an undiluted concentration of 1000 µg/ml (or 1000
ng/µ1) .
11 . Empty the cuvette and rinse it well using wash bottles of deionized water
and/or ethanol. Alternatively, a cuvette washer can be used. It is not
necessary to dry all rinse water from the cuvette but any excess water should
be removed by tapping the cuvette upside down on a Kimwipe tissue.
12. Repeat steps 7-11 to demonstrate reproducibility .

13. Measure the quantity of DNA in your unknown samples against the DNA
standard in the same manner as steps 7-11 above by adding 2 µI of the
sample to 2 ml of Solution A or B. Be sure to check the zero reading of the
instrument each time you load 2 ml of the assay solution. Do not adjust the
SCALE knob.

D. Notes

1.

Hoechst 33258 is light sensitive. Store the Hoechst stock solution in the
refrigerator protected from light.

2.

DNA reference standards can be prepared and stored at 4 °C for several
months.

3.

Avoid dust! Keep all glassware and materials clean.

4.

Because light scattered by particulate contaminants can cause the display to
fluctuate , use deionized water filtered through a 0.2 µm filter. Do not filter
Hoechst 33258 solutions because the dye may bind to the filter.
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5. Check to see if the outside of the cuvette is dirty before inserting it into the
cuvette well. If so, wipe the cuvette carefully with a Kimwipe tissue before
use.
6.

Note the small letter G imprinted on the side of the glass fluorometry cuvette.
Always insert the cuvette into the cuvette well in the same orientation with
the letter G facing forward.

7.

Quantification works best if DNA samples and assay solution are at room
temperature.

8.

Remove any droplets from the outside of the pipet tip before delivering DNA
sample or reference standard to the cuvette. Add precisely 2 µI.

9.

Readings from the TKO 100 display are in ng/µI or µg/ml.

10. It is not necessary to set or adjust the scale using the DNA standard each
time before the quantification of unkown samples. The reference standard
need only be checked periodically to see if the instrument is wandering. The
zero point however should be verified each time before adding DNA from
samples for quantification.
11. Measurements of unknown DNA samples can be repeated as a check on
reproducibility and values obtained can be averaged.
Protocol 4.1
Preparation of Competent Cells for Electroporation
A. Introduction

Electrotransformation with high voltage is currently the most efficient method for
transforming E. coliwith plasmid DNA (see Dower et al. , 1988). Additionally, the
preparation of cells for electroporation is considerably easier than is preparing
chemically competent cells. The only disadvantage is that the electroporation of
bacteria requires a specialized and expensive piece of equipment capable of
creating very high electrical field strengths. The general process of preparing
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electrocompetent cells involves bacteria being grown to mid-log phase, chilled,
and then washed extensively with low salt buffer to reduce the ionic strength of
the cell suspension. The prepared electrocompetent cells can be used fresh or
frozen at - 80 °C for later use. Frozen cells are good for over 6 months
(Sambrook et al., 1989). The following protocol is adapted from a protocol
provided by Bio-Rad and is similar to other published protocols.
B. Materials
Bunsen burner

Dry ice/Ethanol bath
10% glycerol (vol/vol)
Ice
Ice-cold sterile water
LB medium (Appendix 1)
Micropipeters and sterile tips
Shaking Incubators (37 °C)
Single colony of E. coli cells
Sterile culture tubes
Sterile flask (2 liters)
Steile inoculating loop
Sterile microcentrifuge tubes
Sterile serological pipets
Rotors (Sorvall GS-3) and (Sorvall SS-34)
Ultracentrifuge (Sorvall Superspeed RC2-B refrigerated centrifuge)
C. Method
1.

Inoculate a single colony of E. coli cells into 5 ml LB medium. Grow 5 hours
to overnight at 37 °C with moderate shaking.

2.

Use the culture tube to inoculate 500 ml of LB medium in a sterile 2 liter
flask. Grow at 37 °C with shaking until 00600 = 0.5 to 0.6.
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3.

To harvest, chill the flask in an ice water bath for 1O to 15 minutes and
transfer to two pre-chilled sterile 500 ml centrifuge bottles. Centrifuge for 15
minutes at 4000 rpm in a prechilled Sorvall GS-3 rotor in a Sorvall
refrigerated centrifuge.

4. Wash cells by resuspending the bacterial pellet in 500 ml ice-cold sterile
water and centrifuge as above.
5.

Wash cells again by resuspending the bacterial pellet in 250 ml of ice-cold
sterile water. Centrifuge as above.

6. Wash cells again by resuspending the bacterial pellet in 20 ml of ice-cold
10% glycerol. Transfer the cells into two 50 ml prechilled sterile centrifuge
tubes and centrifuge for 15 minutes at 6000 rpm in a prechilled Sorvall SS-34
rotor.
7.

Resuspend the pellet in 1 ml of ice-cold 10% glycerol and aliqout in 55 µI
volumes into prechilled sterile microcentrifuge tubes.

8.

Freeze cells rapidly in a dry ice/ethanol bath and store at - 80 °C.

D. Notes

1. All materials and reagents coming into contact with bacteria must be sterile.
2. After harvesting, cells should be kept at 4 °C prior to freezing in order to
maintain high transformation efficiencies.
3. Cells should be transferred near a burner to avoid contamination .
4.

All cells should be completely resuspended in step 4. Clumps of cells can
trap salt from the growth medium and the cell preparation may be too
conductive for high voltage electroporation.

5.

Do not immerse the cells completely in the dry ice/ethanol bath in step 8
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Protocol 5.1
Labeling Oligonucleotides with y-32P-ATP using T4 Polynucleotide Kinase
A. Introduction
T4 polynucleotide kinase can use y- 32 P-ATP to add a single 32 P phosphate to a 5'
OH end of single or double stranded DNA or RNA. This labeling method is
efficient and is often the method of choice for labeling short single stranded
oligonucleotides which ordinarily have a 5' OH terminus after synthesis. The
following protocol is adapted from Davis et al. (1994).
B. Materials
y- 32 P-ATP (ICN or Amersham Pharmacia)

Filtered deionized water
Hand-held Gieger counter
Liquid scintillation counter and vials
Microcentrifuge
Microcentrifuge tubes(0.5 ml)
Oligonucleotide( s) (Sigma-Genosys)
Sephadex G-25 spin column (MicroSpin™ Amersham Pharmacia)
T 4 polynucleotide kinase (Amersham Pharmicia)
T 4 polynucleotide kinase reaction buffer 1OX (Amersham Pharmicia)
37 °C water bath
70 °C water bath
C. Method
1.

Select oligonucleotide(s) with the appropriate sequence to probe for the
microsatellites that you are seeking. Dilute the oligonucleotide stock
solution(s) and use an aliquot in the in the labeling reaction.

2.

Prepare a labeling reaction in a 0.5 ml microcentrifuge tube using 1O µI of
deionized water, 2 µI of diluted oligo(s) (50-60 pmol of oligo) , 2 µI of the
supplied 1OX T 4 polynucleotide kinase reaction buffer, 1 µI of T 4
polynucleotide kinase (enzyme at 1O units/µI), and 5 µI of the y-32 P-ATP.
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3.

Mix by pipeting and flash spin in a microcentrifuge to bring all the reagents to
the bottom of the tube.

4.

Incubate at 37 °C for 1 hour.

5.

Stop the reaction by incubating the tube for 1O minutes at 70 °c .

6.

Purify labeled DNA oligonucleotides from any unincorporated label using a
Sephadex G-25 spin column to trap any unincorporated y- 32 P-ATP. A handheld Geiger counter can be used to check the relative radioactivity levels in
the column and the collection tube as a check on the quality of incorporation .

7. The radioactivity level can be further quantified by running an aliquot of the
labeled sample in a liquid scintillation counter.
8. The labeled oligonucleotide probe is ready for hybridization and can be
stored at - 20 °C in a shielded plastic box until needed.
D. Notes

1.

Extra care must be taken when using radioactivity. Wear a laboratory coat
and gloves and dispose of radioactive waste properly.

2.

Cover the work bench with plastic-backed absorbent paper so that any
spilled solutions containing 32 P can be removed simply by disposing of the
absorbent paper.

3.

Monitor the laboratory area and equipment for
counter.
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32

P using a hand-held Geiger

Protocol 5.2
Selection of Recombinants by Colony Hybridization
A. Introduction
This is a protocol developed for hybridizing a radiolabeled probe (oligonucleotide)
directly to colonies generated by ligation and transformation using plasmid
vectors. A recombinant that occurs at very low frequency (one in hundreds or
thousands) can be selected using this procedure. This selection provides a
powerful means for finding recombinants that contain microsatellite sequence
complementary to chosen oligonucleotide probes. The protocol is adapted from
Sambrook et al. (1989).
B. Materials
Blunt-end forceps
Darkroom
Denaturing solution (0.5 M NaOH, 1.5 M NaCl)
Freezer (- 80 °C)
Hand-held Gieger counter
Hybridization buffer
Hybridization incubator
Labeled oligonucleotide probe(s)
Large gauge needle
Large shallow trays
Neutralizing solution (0.5 M Tris pH 8.0, 1.5 M NaCl)
Nitocellulose membranes (Nitrobind® MSI EP4HY08250)
Parafilm
Prewashing solution (5X SSC, 0.5% SOS, 1 mM EDTA pH 8.0)
Saran wrap
10% SDS
Shaking water bath
2XSSC
Tupperware dishs with lid
Vacuum oven
Wash solution I (2X SSC, 0.1% SOS)
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Wash solution II (1 X SSC, 0.1 % SOS)
Whatman 3MM paper
X-ray film
X-ray film cassette
X-ray film developing system
X-ray intensifying screen for 32 P
C. Method

1.

Prepare bacterial colonies containing recombinant plasmids of interest by
vector/fragment ligation and transformation into an appropriate E. coli host
strain. Transfer individual colonies to a grid pattern on fresh plates containing
media plus selection antibiotic using sterile toothpicks, and place in an
incubator until colonies are easily visible. Alternatively colonies can be used
directly from the initial plates used to select the transformants.

2.

Prepare hybridization buffer and label oligonucleotide probe(s) - see
Protocol 5.1

3.

Set up four trays with one piece of Whatman 3MM filter paper in each. Wet
the filter paper in each tray - pour off any excess liquid - with the following
(about 20 ml, each tray gets one solution): 10% SOS, Denaturing solution
(0.5 M NaOH, 1.5 M NaCl), Neutralizing solution (0.5 M Tris pH 8.0, 1 .5 M
NaCl), and 2X SSC.

4.

Label circular nitrocellulose membranes with pencil and/or a permanent
ballpoint ink pen - write a short identification number to match the membrane
and the appropriate plate. Write near the outside edge of the membrane.
Also write an up arrow next to the ID number.

5.

Place a circular dry nitrocellulose membrane (written side up) on the plate
containing colonies (or the grid pattern of colonies). Put one edge down first,
and then lower the membrane to lay evenly over the colonies.
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6.

Poke holes through the membrane and agar plate in three different places
with a large gauge needle. These holes will allow the membrane to be
oriented and positive clones selected after hybridization. Be sure that the
pattern of holes is not symmetrical, so that orientation is unambiguous. Turn
the plate over and mark the location of the holes and the up arrow with a lab
marker.

7.

Remove the filter by rapidly and immediately peeling from one edge with
blunt end forceps and place in the 10% SOS tray- colony side up! Leave
filter on the tray for 5 minutes. Most of each colony will adhere to the filter but
some will remain on the plate. Allow the colonies on the agar plate to recover
at 37 °C and then wrap with Parafilm and store agar side up (lid down) at 4

oc.
8. Move the membrane to the denaturing solution tray (colony side up) for 5
minutes.

9.

Move the membrane to the neutralizing solution tray (colony side up) for 5
minutes.

10. Move the membrane to the 2X SSC solution tray (colony side up) for 5
minutes.

11. Move the membrane to a dry piece of Whatman 3MM filter paper and air-dry
for at least 20 minutes.
12. After membrane is dry, fix the DNA to the membrane by baking at 80 °C
under vacuum for 2 hours. Separate multiple membranes with a layer of
Whatman 3MM paper during baking.
13. Prepare a shaking water bath set to 50 °C.

14. Lay the baked membranes face up in a tray containing 2X SSC. After they
become thoroughly wetted from beneath, submerge them and soak for 5
minutes.
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15. Transfer the membranes one at a time into a tupperware dish with at least
200 ml of prewashing solution. Incubate the covered dish in a shaking water
bath (light agitation) at 50 °C for 60 minutes.
16. After the hour has passed, remove the dish from the water bath and gently
wipe the surface of each membrane with a kimwipe tissue (leave the
membranes submerged) to remove bacterial debris.
17. Transfer the membranes one at a time into a tupperware dish containing 150
ml of hybridization buffer for a prehybridization incubation. Perform
prehybridization in a shaking water bath at 60 °C for 2 hours with gentle
agitation.
18. Set up hybridization incubation in a hybridization tube or heat-sealable
plastic bag. Use a small volume 1O - 15 ml of hybridization buffer and mix in
the radioactive probe (between 2 x 105 and 1 X 106 cpm of 32 P-labeled probe
should be used per ml of hybridization solution). Incubate membranes for
several hours at the appropriate temperature selected to match the base
composition and length of the probe.
19. When the hybridization is completed, remove the hybridization solution
(discard into liquid radioactive waste container) and immediately transfer the
membranes to a dish with large volume of wash solution I (300 - 500 ml) at
room temperature. Agitate the filters gently, and turn them over at least once
during washing. After 15 minutes, transfer the membranes to another dish
with a fresh batch of wash solution I for another 15 minutes and continue to
agitate them gently.
20. Wash the membranes once more in 300 - 500 ml of wash solution II in a
gently shaking water bath at 40 °C for 30 minutes (Do not warm above the
hybridizing temperature) . Monitor the radioactivity in the wash solutions and
filters with a hand-held Gieger counter. When the background becomes low
enough the membranes can be put on film . If the background is too high
continue washing with fresh changes of wash solution II at 40 °C for 20
minute intervals.
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21 . Blot the filters on a sheet of 3MM paper. Arrange the membranes on a sheet
of Saran Wrap. Cover with another sheet of Saran Wrap and expose the
filters to X-ray film using a cassette and intensifying screen at - 80 °C for 5 10 hours.
22. Develop the film and align it with the membranes. Transfer orientation marks
and identification numbers from the membranes to the autoradiograph. Align
the autoradiograph to the plates on a light box and mark positive colonies.
D. Notes
1.

This protocol uses radioactivity. After radioactive probe is introduced, wear a
laboratory coat and gloves and monitor the laboratory area and equipment
for 32 P using a hand-held Geiger counter. Dispose of radioactive waste
properly. Two pairs of gloves can be used for additional safety.

2.

Cover the work bench with plastic-backed absorbent paper so that any
spilled solutions containing

32

P can be removed simply by disposing of the

absorbent paper.
3.

Handle nitrocellulose membranes using forceps and gloved hands to avoid
transferring oils to membranes.

4.

During the course of lifting and transferring the bacterial colonies to the
nitrocellulose membranes, the membranes will remain in each of the four
solutions for 5 minutes each. Multiple lifts can be processed at the same time
by moving membranes from one solution to the next in sequence every 5
minutes. After the membranes have been through all four solutions, place
them on paper towels or Whatman paper to dry.

4.

During washing and hybridization steps, membranes should be slowly
agitated to prevent them from sticking to one another.

5.

Do not allow the membranes to dry at any stage during the washing and
hybridization steps.
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6.

The membranes should be completely covered during the prehybridization
step. During prehybridization, sites on the nitrocellulose membrane that
nospecifically bind DNA will become blocked by the proteins and sonicated
salmon sperm DNA in the hybridization buffer.

Protocol 6.1
Preservation of Positive Clones: Perms
A. Introduction
Bacterial clones can be stored in 1O - 16% glycerol in small vials at - 80

cc.

Bacterial cultures stored in this way will remain viable for many years (Miller,
1992). Fresh cultures can be generated from these permanent cultures simply by
scraping off a piece of the frozen stock culture with a sterile loop or small spatula
an dropping it into liquid medium. The permanent culture can be returned to - 80

cc without ever having been thawed.
B. Materials
Cryovial storage rack
Dry ice (crushed)
Ethanol
Ethanol resistant lab marker
50% Glycerol
Labeling tape
LB + amp agar plates
Liquid LB + amp medium
Micropipet and sterile tips
Shaking incubator (37

cc)

Sterile culture tubes (15 ml)
Sterile cryovials
Sterile serological pipets
Sterile toothpicks
Wire loop
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C. Method

1.

Streak for single colonies using the LB +amp plates (Protocol 7.1).

2.

Add 3 ml of liquid LB + amp medium to 15 ml culture tubes using sterile
technique. Label tubes carefully, one for each clone.

3.

Pick single colonies with a sterile toothpick or loop and inoculate culture
tubes.

4.

Incubate the culture tubes in a shaking incubator (250 rpm) at 37 °C for
about 8 hours (00600 =0.8).

6.

Label sterile cryovials using an ethanol resistant lab marker.

5.

Add 1.5 ml of sterile 50% glycerol to each culture tube.

7.

Transfer aliquots (1.5 ml) of bacterial cultures into the labeled cryovials.

8.

Freeze quickly in a dry ice/ethanol bath and move immediately to - 80 °C.

D. Notes

1.

Do not immerse the cryovials completely in the dry ice/ethanol bath since
ethanol may get into the vial if the cap is not sealed perfectly.

Protocol 7 .1
Streaking for Single Colonies
A. Introduction

There are many different methods that can be used to obtain single colonies, but
they are all based on the same principle of continued dilution of growing bacteria
until a single cell falls into a section of semi-solid media where it can form a
colony of cells derived from the original single cell. This isolation of single
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colonies is very important to the success of experiments and further
manipulations of bacterial strains.

B. Materials
Agar plates
Bacterial culture
Bunsen burner
Wire loop

C. Method
1.

Flame a wire loop. Allow the loop to cool , or cool by immersion in a sterile
area of an agar plate.

2.

Flame the neck of an overnight broth culture and remove a loopful of cells.
Alternatively, make a suspension of cells directly from an agar plate in
phosphate-buffered saline, vortex, and remove a loopful of cell suspension.

3.

Streak the cells at one side of a well dried agar plate at position 1 as shown
in Figure 17.

4.

Flame the loop and cool carefully at one side of the plate (position L).

5.

Streak again at position 2 on Figure 17.

6.

Flame the loop and cool as before. Repeat steps 4 and 5 as indicated at
positions 3, 4, 5, and 6 on Figure 17.

7.

Incubate the plate at 37 °C with the agar side down to minimize
contamination and reduce the chance of droplets of condensation falling on
the agar surface.
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L

3

Figure 17. Procedure for the isolation of single colonies by the streak plate
technique as described in Protocol 7.1.
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Protocol 8.1
Preparation of Plasmid DNA using the QIAprep Spin MiniPrep Kit
A. Introduction
There are several different methods of isolating plasmid DNA from bacterial host
strains (see Sambrook et al., 1989), many of which are fairly laborious and
require specialized equipment or caustic solutions. Commercial kits are available,
however, that are fast, simple, and relatively cost effective and which generate
high quality plasmid DNA suitable for downstream applications such as DNA
sequencing. The QIAprep Spin Miniprep Kit from Qiagen is designed for the
purification of 1O - 20 µg of of plasmid DNA from 1 - 5 ml bacterial cultures of E.

coli containing high copy number plasmids. The QIAprep miniprep procedure is
based on the modified alkaline lysis method of Birnboim and Daly (1979).
Bacteria are lysed under alkaline conditions and plasmid DNA is selectively
bound to a silica membrane in the presence of a high salt buffer. After washing
and purification steps are performed, plasmid DNA is eluted from the QIAprep
column with a small volume of Tris-HCI or water.
B. Materials
Bunsen burner
Deionized water
Ethanol (absolute)
Incubator 37 °c
LB + amp medium
LB + amp plates
Microcentrifuge
Microcentrifuge tubes (1 .5 ml)
Micro pi pets
QIAprep Spin Miniprep Kit (Qiagen #27104)
Shaking incubator (37 °C)
Sterile culture tubes (15ml)
Sterile tootpicks
Wire loop
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C. Method

1.

Restreak cells from a selected clone on LB + amp plates to isolate single
colonies (Protocol 7.1 ).

2.

Pick up single colonies with sterile toothpicks or a wire loop and inoculate 5
ml of LB + amp broth in a sterile 15 ml culture tube.

3.

Incubate the culture tubes in a 37 °C shaking incubator at 225 - 250 rpm
overnight.

4.

Add RNase A to Buffer P1. Mix and store at 4 °C

5.

Harvest cells. Pour 1.5 ml of the 5 ml bacterial culture into a 1.5 ml
microcentrifuge tube. Spin down cells at high speed in a microcentrifuge for
30 seconds and pour off supernatant. Repeat 3 times until all of the cells
from the 5 ml bacterial culture are in the 1.5 ml tube. For the last spin, spin at
maximum speed for 1 minute and remove any residual fluid with a micropipet
after pouring off the supernatant.

6.

Resuspend the pelleted bacterial cells in 250 µI of cold Buffer P1.

7.

Add 250 µI of Buffer P2 and gently invert the tube 4 - 6 times to mix. Do not
allow the lysis reaction to proceed more than 5 minutes.

8.

Add 350 µI of Buffer N3 (ice cold ) and invert the tube immediately but gently
4 - 6 times. Place on ice for 1O minutes or longer. The solution should
become cloudy.

9.

Centrifuge at maximum speed for 10 minutes. A compact white pellet will
form. During centrifugation, place a QIAprep spin column in the 2 ml
collection tube provided.

10. Apply the supernatant from step 9 to the QIAprep spin column by decanting
or pipetting.
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11 . Centrifuge for 30 - 60 seconds at maximum speed. Discard the flow-through.
12. Wash the QIAprep spin column by adding 750 µI of Buffer PE and
centrifuging 30-60 seconds at maximum speed.
13. Discard the flow-through, and centrifuge for an additional 1 minute to remove
residual wash buffer.
14. Place the QIAprep spin column in a clean 1.5 ml microcentrifuge tube. To
elute plasmid DNA, add 50 µI of Buffer EB (1 O mM Tris-HCI pH 8.5) or 50 µI
deionized water. Let the column stand for 1 minute, or longer, and centrifuge
for 1 minute at maximum speed.
15. Store at 4 °C.
D. Notes

1.

Make sure to include the selective agent (antibiotic) in the medium when
growing the bacterial culture for the plasmid prep.

2.

When setting up bacterial cultures include one or two tubes without bacterial
cells (5 ml broth only) as a control. Incubate these at 37 °C as well and check
to see that they are clear.

3.

Once bacterial incubation is over and cells are being harvested sterile
technique is no longer important.

4.

After adding Buffer P2 mix very gently by inversion. Do not vortex, as this will
result in the shearing of genomic DNA which may then contaminate the
plasmid DNA preparation .

5.

This protocol skips the optional wash step with Buffer PB since it is not
required when using host strains such as DH5a or XL-1 Blue.

6.

Make sure ethanol has been added to Buffer PE before use.
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7.

Buffers P2 and N3 contain irritants. Wear gloves when handling these
buffers.
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APPENDIX 3
Recommendations for Microsatellite Nomenclature

Eukaryotic genomes are known to contain substantial amounts of
repetitive DNA sequences with multiple copies of simple DNA repeats all
arranged in arrays of widely differing size. (see Armour et al., 1999; Hancock,
1999). A good general rule of thumb is that the bigger the repeat unit is the
longer the arrays tend to be. The longest arrays are made up of the so-called
satellite DNAs. These are very long tracts of well known families of repeat
sequence elements that can be up to several Mb in length and may constitute
several percent of the total genome. Satellite arrays are often preferentially
associated with centromeres. Smaller arrays of repetitive sequence called
minisatellites consist of shorter repeat units - repeat units much shorter than
those in satellite arrays but not less than around 1O to 15 nucleotides - and may
range up to 30 kb or sometimes longer. The smallest class or category of
repetitive DNA sequence is made up of what is generally known as microsatellite
sequence. Microsatellite arrays are much shorter than 1 kb and have the shortest
repeat unit of the three types of repetitive DNA. The number of nucleotides in
microsatellite repeat units has been variously described. Descriptions of repeat
unit length in microsatellite tracts have included 2 - 8 bp (e.g. Armour et al.,
1999), 1 - 6 bp (eg. Goldstein & Pollock, 1997) and 1 - 5 bp (e.g. Gordenin et
al., 1997; Schlotterer, 1998). Although there is some ambiguity and a somewhat
narrow separation between microsatellites and minisatellites the biology of
microsatellites and minisatellites is clearly different and they are distinct genomic
phenomena. In addition to the lack of consensus regarding the number of
nucleotides that define microsatellite arrays, descriptive terminology applied to
the different types of microsatellite arrays (see Litt& Luty, 1989; Tautz, 1989;
Weber& May, 1989; Weber, 1990; Beckman & Weber 1992; Tautz, 1993; Jame
& Lagoda, 1996; Goldstein & Schlotterer, 1999) is also somewhat confused.
Furthermore, a number of the microsatellites arrays that have been described in
various organisms do not fit cleanly into the established terminology. Chambers
and MacAvoy (2000) have attempted to deal with the problems of microsatellite
description and definition and have presented a series of recommendations listed
below. These recommendations in a large part follow after Tautz (1993) and
Chambers and Macavoy's terminology is largely adopted in this dissertation.
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Recommendations (Chambers & MacAvoy, 2000)
1. That the term variable number of tandem repeats (VNTR) should be used as
an overarching descriptor for nucleotide repeat arrays in genomes.
2.

That the use of the term variable number of tandem repeats or VNTR as a
synonym for minisatellite and the term simple or short tandem repeat (STA)
for microsatellite be discontinued.

3.

That the following definitions should apply:
Satellites:

highly repeated segments of 100 nucleotides
or greater forming more or less uniform tract

103-107 nucleotides long
Minisatellites:

moderately repeated segments of 10-100
nucleotides forming more or less uniform tracts

102-105 nucleotides long
Microsatellites:

short segments of 2-6 nucleotides repeated in
more or less uniform tracts up to -102
nucleotides long.

Mononucleotide tracts:

uniform runs of single nucleotides of any
length.

These definitions follow Tautz (1993). Other authors, e.g. Gordenin et al.
(1997) have adopted a cut-off limit of 5 nucleotides for microsatellites, but
Chambers and MacAvoy note that this cut-off makes no sense and is in
conflict with most working definitions including those used by some of the
original discoverers of useful human systems (Litt & Luty, 1989; Weber &
May, 1989; Beckmann & Weber, 1992).
Chambers and MacAvoy believe that it is important, for the present, to
maintain the enigmatic 4 nucleotide gap between the size definitions for miniand microsatellites. This is because these two types of loci evolve (expand)
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by rather different genetic mechanisms. Armour et al. (1999) explains that
minisatellites expand by a polar (i.e. 3' end specific) mechanism which
involves exchange of flanking markers, rather than being unrepaired
products of slipped strand mispairing, which is the accepted mechanism for
the expansion of microsatellites. Very little seems to be known about the
genetic behavior of DNA repeat elements with unit sizes between 7 and 10
nucleotides. Very few people look for microsatellite repeats in this size range
but a few have been reported (e.g. Xu et al., 1999). Chambers and MacAvoy
feel that it would be prudent to wait until more information is available, before
setting up precise classification rules.
4.

That the term cryptic simplicity be used to specify short ( <8 nucleotide long)
runs of repetitive nucleotides.
This terminology (Tautz, 1993) is a convenient way to refer to sections of
DNA sequence which contain one or more short runs of simple repetitive
sequence and regions of cryptically simple sequence may extend over tens
even hundreds of nucleotides. The length constraint above is necessary to
distinguish short microsatellite arrays which do have the potential for growth
from sequences such as GTAT(GT) 3 which although a sort of protomicrosatellite is better considered part of the genetic background.

5.

That microsatellite loci be represented by the general formula (N 1N2 N3 ••• Nx)n
The value of the unit repeat size, x, is fixed in the range 2-6
(Recommendation 3) and the value of the number of repeat units, n, has a
lower limit such that the product x · n is >8 nt, the accepted threshold for
repeat expansion (Rose & Falush, 1998). Thus, there must be at least four
dinucleotide repeats in an array before it can be called a microsatellite.
Similarly, a region of cryptic simplicity must contain less than three
trinucleotide repeats and two tetra- or greater nucleotide repeats.

6.

That microsatellite satellite repeat sequence be represented by the simplest
and most alphabetical formula possible, e.g. -(CA) 15- rather than -(TG) 15- or
alternatives.
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Chambers and MacAvoy note that this simple rule has the potential to help
biologists to avoid many confusing dilemmas. There are at least three
conventional forms of representation presently in use. From the most to the
least complex, these include: (dC-dA)n(dG-dT)n, (CA)n ·(GT) nor (CA)n/(GT)n
and (CA)n or (TG)n : for examples see Weber (1990), Beckman and Weber
(1992) , and Callan et al., (1993). These styles probably reflect editorial policy
of scientific journals rather than author preference. Chambers and MacAvoy
strongly prefer the latter form since it conveys all the necessary information
unambiguously, and is much simple than the competing alternatives.
Consider what would happen if a hypothetical run of Cs and As were to be
preceded by a lone A or followed by a lone C. Without the above alphabetical
rule the dinucleotide array might in either case be equally well represented
by (CA)n or (AC)n. Chambers and MacAvoy would of course recommend the
use of (AC)n in either situation under the above rules: see Callan et al. (1993)
for a real example of this type of microsatellite.
Chambers and MacAvoy note that there is no convention for representing
compound microsatellites. These are often given a general type of formula ,
e.g. -(AC)n(TG)n- , etc. Chambers and MacAvoy also recommend using the
alphabetical order rule for compound repeats to promote clarity and would
select the version above rather than the alternative -(CA)n(GT)n- from the
opposite strand. However, when a compound array consists of two
complementary repeat units such as (AC) and (GT) a further arbitrary
decision rule is required to decide which one to write first. Chambers and
MacAvoy suggest that the larger repeat should come first, i.e. -(AC) 12(GT) 8would be preferred rather than the alternative -(AC) 8(GT) 12- description.
The only exception to the above guidelines occurs when a repeat is found at
any location (exon, intron, untranslated region , etc.) in association with a
coding region . In such a case it is customary to give the trinucleotide
sequence which is present on the coding strand (Rubinsztein, 1999).
7.

That the terms pure (or perfect), compound and complex be used to specify
that one, two or more types of repeat unit respectively are found within
arrays at a given microsatellite locus and further than the term interrupted (or
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imperfect) be used as an additional hierarchical descriptor to indicate that
there are one or more single non-repeated units internal to the array.
The above categories are sometimes called families (Jame and Lagoda,
1996), and although these families are recognized as non-exclusive, the term
'imperfect' is often treated as an exclusive alternative to the term 'perfect'
(e.g. Brooker et al., 1994; Buchanan et al., 1998). This is clearly unhelpful
since interruptions can equally well occur in pure, compound or complex
repeats. The above requirement that interruptions be single nucleotides or
single runs of nucleotides is necessary to avoid problems that might arise
when describing microsatellite arrays that are punctuated by interruptions
that are themselves short repeats. Under Chambers and MacAvoy's system
of nomenclature this type of mutation would simply convert both pure and
compound arrays to complex arrays. Chambers and MacAvoy point out that
the term 'complex' has not been used in this specific context before, but
highly recommend its adoption for reasons of clarity, noting that such while
such loci are rare among contemporary reports, other nomenclature systems
are not able to categorize complex repeats.
Chambers and MacAvoy do point out that these descriptions strictly apply
only to alleles rather than to loci per se. The terms pure, compound and
complex are all valid descriptors of loci, but investigators should be aware
that any one of these may exhibit interrupted alleles.
8. The term genomic abundance is frequently used in connection with repeat
DNA sequences. We recommend that when it is used in connection with
microsatellite loci that it should be used exclusively to refer to the relative
number of times (in copies per genome) that a particular type of repeat, say
-(CA)n- , is present in the genome of a given organism, i.e. array frequency.
This recommendation is made to distinguish the above meaning from the
commonly used alternate meaning, the fraction of total nucleotides in the
genome which are of a given type of sequence. Abundance in this latter
alternate sense is the product of two properties; array size and array
frequency. Thus, satellite DNA sequences may be considered abundant
because they are in high copy number and make up several percent of a
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particular genome. They do so because their average array size is large.
Equally, microsatellites may be considered abundant as more closely defined
above, because there are several thousand such loci in most genomes.
However, since each one of these is probably <200 nt long, they will not be
expected to make up a particularly large fraction of the total genomic DNA
content.
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APPENDIX4
Sequences from A. curtirostris
Partial Sequence from Cytochrome Oxidase Subunit 1

Complete sequence is given for haplotype designated Ac1 . Differences from this
complete sequence present in the other haplotypes found and in the partial COi
sequence from A. prionota are reported in Table 2.
TATATTAGGAGCTTGAGCTGGAATAGTAGGGACAGCTCTAAGACTTTTAATT
CGAGCTGAATTAGGTCAACCAGGAAGACTTATTGGTAATGATCAAATTTATA
ATGTAGTTGTTACAGCGCACGCTTTTGTAATAATTTTCTTCATAGTTATACCT
ATTATGATTGGTGGATTCGGAAATTGATTGGTTCCACTAATACTAGGAGCCC
CAGACATAGCTTTCCCACGGATAAACAACATAAGATTCTGACTTCTACCCCC
ATCCCTAACACTACTTCTTTCTAGAGGTATAGTAGAAAGAGGTGTAGGTACA
GGATGAACAGTTTACCCCCCACTAGCCGGAGGTATTGCTCACGCCGGGGC
GTCAGTAGATTTAGGTATTTTTTCACTTCACTTAGCTGGGGTTTCTTCGATTC
TAGGGGCGGCCAACTTTATATCAACAGTAATTAATATACGAACCACTGGTAT
ATTAAGAGACCGTATACCTTTATTTGTATGGTCAGTCI I I I IAACTGCTGTGT
TGCTTCTACTATCACTACCAGTTTTAGCAGGTGCTATTACTATACTTCTTACA
GACCGTAATTTAAATACTTCAlllllCGACCCAGCTGGTGGTGGAGATCCAA
TTCTATACC
Microsatellite Sequence

Repeat arrays are in bold print. Priming sites for sequences used to create
markers are underlined.
A. Dinucleotides
1. Clone A-4

Array: (CA) 61
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TGCCCTNCAGGTCGACTCTAGAGGATCGTGGCTCTTTTGGCATTCAATTCTA
AGGTATTATGGTATAAATTGAACACCCGTGGTGGTGGTTTTAAATGAAACTC
TGTAGATACAGAATTTACGCACGTGCGCTCGCGCGTGCTACACACATGCAC
GCACGAGTGTGCACACACACACACACACACACACACACACACACACACA
CACACACACACACACACACACACACACACACACACACACACACACACAC
ACACACACACACACACACACACACACACACACACACACGAGTAAAAATAT
CCCTTAGACGCCTAGTAGGGCGAAACACATGTATAATGTCAGAGATAATTTA
CACAGCCACGGGCTAAATGCATCAATAACTCAAATGGTCTAGTCATTGACCT
TCGACATAAAGGGGAAAGAGAAGGATGCAAACCAGATCGTAAAAATATATG
AACAGCCACTTAGCTCATGTGTTTGACAGATNGACGATAAGAACCAATNTGC
AATAGTTAAAATATGGAACTCACGAATTACATATAGTCTATATACTAGAACCG
ATAGATATCACAGATAGATTGACGAATATATTATCTATGTAGGGACGAGTT
2. Clone A-8
Array: (CA) 88
GAATTCGAGCTCGGTACCCGGGGATCCTGAAGTATGCACCAGTTTTTGCTC
TTGCAAATAAAAGGATTTAAAAGCAGGGCTAAAGAATCCAACACGCTGGGG
ATGTGAACGTTCAGACAlllllCTAAATAAGTTTACGAGTGTTTACCGGGGC
TTCTGCATGGCGGAAGACTCGAGCAAAAAGCGTGCAGTTTCTCGCAGGACA
GCGGAGGTATTCGGAATCCAGlllllGTTTTGTTGGTCTGGGCCACAATTGC
TGGAAATTGCTTTAACGAATACCCCAAGAAAACTATTTATCATCACACCACTT
CACACACACACACACACACACACACACACACACACACACACACACACAC
ACACACACACACACACACACACACACACACACACACACACACACACACA
CACACACACACACACACACACACACACACACACACACACACACACACAC
ACACACACACACACACACACACACACACATAAAAATTTTATCTTGAAAATAA
ACACGTTAAAAGGATATGTTGTTTATTAAGATCTTAAATTGCATTTAATGTTAA
CAAATTTTACTCCATATCTTTAAATTTACTTAATATGAATTAAANAAI llllAAT
GCTATACAGG
3. Clone A-13
Array: (CA) 9
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TGATTCGACTACGTACCCGGGGATCCGAGTGGGGGGCGTGGAGGGAAGGA
CCAACTACTAGAGGGGGCGTGGTAGTAAAAAGGTTAAGAACCACTGGTCTA
TGGTGTACGGTTTCATGGTACAGAACCCCTACAGGAGGGATTTAATTCTCTC
CCAAGGGAAAGGGTAGGCATGGAGGGGGTCGGGTAAGGGTGGTAGGGTG
AGTCCGTGAGGGTGAATATGGGCTGTCTCGGAGGGGTGCTAAAGTCTAGTC
GCCACCCAAAATGGTACGCCAACGACAATTGTGGACCAATTCGCCCAGTGT
TACCATCCAAAATTTTACAGATTTGTAGAATCACACACACACACACACAGCT
GTAGAATAGGAAAGAAAATCTATAGAAATAACTGAACACATACAGTAAATAAA
AATTGTTTCTTAGATGTTGTCTTACTGTATATCTTCATGATTTAGGCATAACTA
AAACAAAGCAAI I I I IACACTGTATTTACTGAATAGAAACAAATTAGAGTTAA
TTATACTAATTTAATATTTGTTTAATTTTTGTAATAAAGTTTTAATTTACGATAC
All I I I IATATTAAATTGTGCACACTATTAGAAATAATGATAACTAGAAAGGTT
TACCTAATATCTGTAGATTTGGCCCAll I llATACAAAATGAAGACACCATGT
TTACTTTATTTAATTCTCCCTTTATGTTTACCTTGGGI I I I I I ICACGACTCAT
ACACCTGGGGTCCCGGGCTTACCCAACCCGTTTATGTGACTGAATTCATCC
TTTCCCTCTTCTGTGGTCC I I I I IGGATA
4. Clone A-19

GTTGCACACCTGCATCCGGGCTTAAAATATGTCTTCCCCTCTGGCAGAAAAT
TTCTGGTGGAGCGGTGACACTAACGGCCCCCATCTTTGAATTTTGGCAGGC
TAAGCTTCACCTTGAAATTACAAAACATCAAAATTCTCCATAATCACACCTCC
TACCATCTTCAAACCTGAACTAAAAGGTGCTTTGGTTTGTCTTACATAI I II I
TATAAAGTCACACACACACACACACGCGCACACACACACACACACACACA
CACACACACACACACACACAATCAGGCTCGATACCAACTAGCCAATCCCCA
AGAAGTTGGGAATATAACAAAGGAAGGGAATCCTACAGGGGATGTCTCATT
TGCAGAAATGTTAAGGAGGAGTCCAGAAGCCATGTCCACAGTGAAAGAAGT
TGCCATGAAAGTAGCCACTTTACAGGAAGCAGCGAGGTGCA
5. Clone A-21

Array: (CA) 92+
GAATTCGAGCTCGGTACCCGGGGATCAAGCAGAGAGTTAGCTAGGAGGGA
TGCGAGGATACATTTCAGAAATCACAAAGTGGTAAAGAATTGGAATTCACTA
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AATGAAGAAGTTGTATCTGCTGGAAGTATACATAGTTTTAAGGAGAGATATG
ATAGGCTAAAACAAATTCGTAGCATATCAAGATATGAGACATTGATTGGAAA
CACTGACATGGAGACGCGGTACCACGAGTAATACTCAATCCCTGTAGATAC
AATTAGGTGAGTATCACACACACACACACACACACACACACACACACACA
CACACACACACACACACACACACACACACACACACACACACACACACAC
ACACACACACACACACACACACACACACACA??????????????????????
??????????????????CACACACACACACACACACACACACACACACACA
CACACACACACACACACACACACACACACACACACTCCCCACGCTCACAC
GCACTAACAGCTATGACCATGATTACGCCAAGCTTGCATGCCTGCAGGTCG
ACTCTAGAGGATCACACCTGCTGCCCTCTTGAATATGTTTTAACACTCATAA
ATTTTGATTTTGTCATCCAGTCACTTCGATGGCAAAGACTTAACCTACCTGTA
GGAGTTCCATATCTAAGCTTCAGTTTATAAAAAAAAACTTCCTTGAAAAAATA
AAACTTGGTGGAAGGCCATTGCCATTTGCACAGACAATCCCTTCGAAACTAA
TTCGTGTATCTCCCTCCGCTGATGCAACTTGCCTGACTTGATGCTATCCTTT
AACAGTGGGTCAACTAG
6. Clone A-25

Array: (CA) 26
ATATTGCTGTTTGTGAGTCTTATCAAATGATTAATTTATTCATATTTTACCTAT
TTATTTATCACACACACACACACACATACACACACGCACACACACACATACA
AACAGATACACACATTTTGAAAAGTGCACGlllllATATTTGGACTGTCTGCA
ACATGCCACGGACTGCCGCCTGCCACGCATATTTGCCATGGAGAGAATGTG
TGTACTCGTTATACGTTTTAAATATAAATGCCACACACACACACACACACAC
ACACACACACACACACACACACACACACACAATACACACAAATATAGACA
GTATGCACTCGACACTTTATGACGCAGGGGCACTCAGCCAATTCTAGCGAA
GATAAAACTCAGAGGTTGCCAAACGCCAAGGCTCTCAGGTCGAG
B. Trinucleotides
1. Clone A-2

Array: (CTT) 6
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AATTCGAGCTCGGTACCCGGGGATCAATCTCAAACCAACCACCAGTCCGAA
TTGCTTCTTTAACCTCCAGCTAATGGCAAACTTTGTTTATGCTAACAGATTAC
ATTCTAACACTAAAATATAATAAAATCGATGAAATGTTCAATGTTGTTGTTAAA
CACAAACGGTCATTCACTGCCCTTCATCACTGTAATACTGTATGTAATATGA
GTGTGGTGTATATCTATACTACCTTTTGAAGTATTTCCCTTCAATCTCTTCCC
TCCCAATTTCCCAAATCCAACCATTTCTTCTTCTTCTTCTTCTTCCCCTACGT
GCAGCCACCTCATGAATTTCAGCTAAAATCATTATCAGATTTTAAAACATCTT
AACATAATGAGTTATAAACAGTTTTCCCAATAAGCCCGGGAATCTCCCGCCA
AACATAAGCTCCGCAACCGCGATGNGGGTTCCGGGATAATCTAAACNACCC
CAGNCCGAANGGCCCATATAATTATGCACTATTGNCCCTCAATAGATTTTCA
TGAAACTTCATGTACACATTGCCTGTGGATAGTCGATACATACCTTGGGTTA
CCTTGGGllllllCCAGGACTCATACACCTGGTGTCCGGGCTTAGCCCAGA
CCCGTTTAGGTGACTGAATTCATCCATTCACCTTTTTTGCCAAGGACTTTGA
GAGGGGA
C. Tetranucleotides
1. Clone A-10

Array: (TGTA) 3
GAATTCGAGCTCGGTACCCGGGGATCGTAGTTGTTCAGTTGCTTTGAAAAG
AAGACTTCAGGTATACGGCTAACGCGAATTTAAAGTCTCGGACAGGACATAT
GTCCATGACTGTACAATCAGAAAAAAATGGATGTTATCCCCTGAACAAAAAC
TTTCATTCCGTTAAACTTTCTGGAACAGGGTTGCATAAAAGI I I I ICTTAGGG
GAGCGCATCGGTGGTAAll I I I IACATTTTAATCATTGATTGTCCTAATTTCC
I I I I I IGCGAACCGCAGAGTATGGAATCCATAGGTGAGTC I I I I I I I ACTCTG
TGTATGGCTGTATGTATGTATTGGGTTGTTGTCCAGACGAATCCTCCAGTTA
CCGTTTGACCTAGGAAGTTTGAAATTTGAACACCATACTATAAATTTAATTGC
GCCAAAAGAATATTTTGTA I I I I I I I I IAACCA I I I I I I ACCTCGTGCGCCACT
TTTTAACGGAGCTAACACCAATTCTTCCTTCAAAAAAAAANTTCCCTATGNCC
AT
2.

Clone A-14

Array: (TGTA) 5TATATGTT(TGTA)5
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AACTCGGTACCCGGGGATCCAGTTTGTCTCTGGCCTTCTCCTTACAAGGGC
ACACATGCTTACACATTGTGATGI Ill ICTCTGGTTATATTCAACATAAI II II
TTTGGTGGGTTATAGCCATGCTGCCCAGCCTCTCTTGCAAAATATCCTTGAG
AATAGAGACI llllGATGGAGAGAGGCTCGTCCCTCTTGTTTACCTGTGTGT
GTGTGTGTGACGAAAGGAGGAATGAAGGGTGAGGGCGGGTAGAAAAACGT
TTGTCATGTTTCCCTTTGCGCTTGCTTGTCTCCCAGTGTGCCAACATATCTG
TCTGTAAGACCTTATTTCCGll II llATTATTTCAATTCTTAACAGGTATCTTT
TTGTTTGTTTTCTTGTATGTATGTATGTATGTATATATGTTTGTATGTATGTAT
GTATGTATATATGTTGTAACGGCATGAGAAGGCACTTGGATTATCCTGAACT
TGAAGAATGGCGGTTGGTCACGTTTACATATTTGGACTTCAAAGGCAGAGA
GCATTTTCTTCCTATTTTGGTGGTGTGGGACTGTAGGGTATCATCCCCTAAC
TCTCTCTATGTACTATTGGTTGAGGATATTTATTAAGACTCTCCTAAACCGAT
TTAACCTGCTATTATAGACTTCACACATACTAGTTTACAGCCCGTTACTGATA
AGGGGTAGTAGGCTTATTGTAGAAGCGCATATATGGACTTAAGGCCTAATAC
D. Compound Arrays
1. Clone A-5

Array: (TA) 13(CA)s1+
TTCGCCACTTGATGCCTGCACGTCGACTCTAGAGGATCCCTATACGTGTTTA
GTAAACCGCGCCCAATCGTCACCATATAATTATGCACTATTGTCCCTCAATA
GATTTTCATGAAACTTCATGTACACATTGCCTGTGGATAGTCGATACATACCT
TGGGTTACCTTGGG I I I I I ICCAGGACTCATACACCTGGTGTCCGGGCTTAG
CCCAGACCCGTTTAGGTGACTGAATTCATCCATTCACCTCTTCTGCCAAGGA
CTTTGACAGGGGACCACCAGCTTTATACTCCGCGAACTATATATATATATAT
ATATATATATACACACACACACACACACACACACACACACACACACACAC
ACACACACACACACACACACACACACACACACACACACACACACACACA
CACACACACACACACNCACNCACACACACACA?????????????????????
??????????????????????????????????????????????????????????
2. Clone A-9
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TGNTTCGCCAGCTTGCTGCCTGCGGTCGCTCTAGAGGATCTGGATAGTATC
AATCAGAATCAACCTAGTGGCTCGAGTAGTATTAACAGTAGTlTAGAAGATA
ATTGTGAATlTAATTATAATGTTGCTATTCATGCAGGAGGTGCTACTlTACTT
GTTAACCCTAGTTCTCCTAACATGCATGATTlTGATTGTlTGACTATGTCTCA
TCCCTAAGCTTCTCGGTTTATTACAGGTAGTGGCAGATGCAGCAGTATGGC
CAAGCCTlTCCCTAGTGATGTCACACACACACACACACACACACACACAC
ACACACACACACACACACACACACACACACACACACACACACACACACA
CACACACACACACACACAGAAGAAGAAGAAGAAGAAGAATAGCCAACCA
GTATGCTATGATGCAGCTTGATGTTGCCACTAAACCTCAGCAACCACCTGTG
GACCCTCTCCTGGCATTGAATGATACCCTGGACTGCCTCAGACCTACTATG
CTGCCTGCAGCCACTACCCATAGTCAAGCCCCATATTGAGTGACCCATTCA
GGTCATACCAGTAAACTCCCTGAAAGGNCAATAACCTTGT
3. Clone A-11

Array: (CAh2 (ACAG)1s
ATCTATCTlTCTATlTATCTATCTATCTATCTATCTATCTATCTATCTATGAGC
CTGTGTTGTCAATTCCTCTTGTTAAATAAGTAATAAGAATCACACAACATlTA
TATAATATCGTATGACTAATTAATlTACACACACACACACACACACACACAC
ACACACACACACACACACACACACACACACACACACACAACAGACAGAC
AGACAGACAGACAGACAGACAGACAGACAGACAGACAGACAGACAGAC
AGACAAAATAATACGTGCTCTCATATGTGTlTGATAATTlTGTGTATAAAGAT
CTTAAGAGGAAAATTCAGATACCCGGGTACCGAGCTCGAATTCGTAATCAA
GATGAACGCCTTGAGACAAAGAGACATACAGACTGACAGGCGAACGAAACA
GATAATAGACAGACAAAGACTTAA
4. Clone A-16

Array: (GT) 6TT(GT) 55 +(GAA) 28
GNTGACCACGCCAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCATAAT
AACATlTGAGTAAATCGAACAGAACGCCTTCATCATTACCATACACCACTTlT
AATATAGCTACCATAACCGGATAATTGGAATCAGTTGGTGGAAGACTlTCCC
CCATTCATGCTGCTGTACCTlTCAAACAGCTCTlTAAACAATlTAATTTTCTA
GTGGTAGTGAGTTCATTlTGTTTATCTCTATTGTCTlTAAACTGCCCCCAGAA
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CGTGAACCATGACCCTGATGTACAGTTGTGCACAGTTCCACCTGGTAAACC
TCTTAAAAAAAGGGTAATGTGGCAACAGCGTGTGTGTGTGTTTGTGTGTGTG
TGTGTGTGTGT???????????????????????????????????GTGTGTGTGT
GTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG
TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGAAGAAGAAGAAGAAGAAGAA
GAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAA
GAAGAAGAAGAAGAAAAACGTTCAGGTAAAGAAATCTTAGCAGGGGGTCG
GGAGTGGAGGGGCTCACCTGTTGATAGCCCGAGGCTTAAAACCACACTTGA
CAGCAAAATGATTATGTTTATGTTTAAAATAAATAAAAAGTAAAAAATATGAAT
ACTCACAAGGTAACACAAATCCTTCTTAAAAGCTTTACCCANCATAATAATAA
AATTAAAATGAATTTAACAACAAAATTAAAATAAAGCAAAGAAAATAAAATTTT
CATTACACAATGAATTATGAATGCCTGTGGTTTGTGACCATTGAACCAAAAG
TAAAGGAGTTTGNTCTGG
5. Clone A-24

Array: (TGCT) 25 (CAh7
CGACTCGGTACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGCT
TGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCAC
AATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGC
CTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTC
CAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGC
GGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGA
CTCGCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGT
CTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGT
CCACACACACACACACACACACACACACACACACACACACACACACACA
CACACACACACACACACACACACACAGCTCGGTAGTTCGGCTGCGGCGA
GCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGG
GATAACGCAGGAAAGAACATGTGAGCAAAAGGGCCAGCAAAAGGGCCAGG
AAACCCGTAAAAAGGCCCGCGTTGCTGGCGlllllCCATAGGCTCCGCCCC
CCTGACGAAGCATTACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAAACC
CGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGC
GCT
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6. Clone A-28

Array: (GACA)s(CA) 7
GAGGATACCAANCCGCATTGAAACACGCATACATGCACATGCACACACACA
TACATGCACATACACACACACATACATGCACATATGCACACACACNCCACCT
ATTTTGTGTGACAGACAGACAGACAGACACACACACACACACACAGTTTA
GCCTTTTAATATAGATATATTCGAACTAAATCGACCATAAGGAACAI II I IGT
TCTTTATGAACATGTCTGTATCTGGCTCCGTTAAAAAGTTGCGCACGCGCAT
GTGCTTAAAATGCGCGTAAAAATAAACTGAAAGAAAAGGAGATTTTGCGCAC
ATACATAAATAGCATGATGTCCAAGTTTCAGCATCCTAAGTCAAAGGGTAAC
TGAGAAAACCAAGGAACTTGTTTGAAAATCCTTGGCAACTCTATACATTTCAA
AAGAATGTGCGCGCGCATGCGCACACGCACCGCACTTGGTNAAll 111111
CCATATTCGGAGTAACCTAACGCCAACGAAACI II I IGTTCTCTATGAAAATT
TCTGTATCTGGCTCCGTTAAAAAGTTGAAAATCATGACATGCGCTTAAAATG
CGCTTAAAATAAGGTTTAAAAAAACCTAAAAAATAGNI II lllCGCATTTAAAT
TTATAGTACTAGCAAATCAAGCGGG
E. Complex Arrays
1. Clone A-1

AGGATCAGGGATTTCCCTACACCCTCCCTAGGGGGGGGGGGGCGTGTNCA
CACACCCTGAATTTTCTAAACACCCCNNGAATTTTCCAAAAAGAGTAAAGCA
CAAATACAGGTGCCTTCTGAAGAAAGlllllCGAAAAGCTAGGGTTAAGGGC
AGTTCCCTGTGTCTATCGGTCAAACTTTTCCCATTTATTAAAATAAAATGTGT
GTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG
TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGCCTTCTTCTTCTTCTTCTTCT
TCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTGATGGCTACCC
CCGGTACTGGTGCACCACTTGCAAAAAAGCTTTTGATGAAAAAAATAGCTTC
CCAGTGCTATATTTGGTAAGAGTGGAAAAGCTTGGNTTGCTAGGACAATCAA
ATAAAGCCAATATTGACAAACTTCATGGAAAGGCTGTAAAACACTAAACCTTT
GGACTGTATCGTCATGCAGAAAGCCTCATTACCCAGTCAGTGTTAAGGCCA
ATTTCAGAAGTGATT
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2. Clone A-3

Array: (GTG) 4(CA) 62 .. .. ..... (AT)29
TGACACGCCAGCTTGCTGCCTGCAGGTCGACTCTAGAGGATCGTGGCTCTT
TTGGCATTCAATTCTAAGGTATTATGGTATAAATTGAACACCCGTGGTGGTG
GTTTTAAATGAAACTCTGTAGATACAGAATTTACGCACGTGCGCTCGCGCGT
GCTACACACAGTGCACGCACGAGTGGTGGTGGTGCACACACACACACACA
CACACACACACACACACACACACACACACACACACACACACACACACAC
ACACACACACACACACACACACACACACACACACACACACACACACACA
CACACACACAAGTAAAAATATCCCTTAAACGCCTAGTAGGGTGAAACACAT
GTATCATGTCAGAGATAATCTACACAGCCACAGGCTAAATGCATCAATAACT
AAAATGGTCTAGCCATTGACCTTCGACATAAAGGGAAAGAGAAGGATGCAA
ACCAGATACATAAAAATATATGAACAGCCACTTAGCTAATATGTATGACAGAT
AGACGATAAGAACAATCTGCAATAGTTAAATATGTAGACTCACGAATTACATA
TAGTTTATATAGAGATTGATAGATATCACAGATAGATTGATGAATATATATAT
ATATATATATATATATATATATATATATATATATATATATATATATATAATCA
TAGTTCGAAAGATGGATACATATATAGACAAATCGATAGCCAATTGGATAGA
TAGATAGAAAGAAATATAGATAGATGGATGTATGAAATTAAGGATATATGGAT
GAATAGATAAACAAATAGTCATAATTATATCGGTATAGATATACACATACCGA
GTGGTTAAGGCTCTGACTAGAAATCAGATGGGATCTTCCCGNCGTTNTTCG
AATCCTACTCACTGCGCAATCTACTTATCTTTTGAGGGGGTTGCTAAAAGGT
TATCTAAGTGCCATCACCAATTCGGTATTCGACGAACTACTTGGCGCCATAA
TGACATCATGTAGTTTACTGGCCCGGTATAC
3. Clone A-7

Array: (TGTC)C(TGTC)3 .. ... . ..• (GT) 19(TGTC) 6 (CTTh2+(AT)47
ACAGCTATGACCATGATTACGCCAAGCTTGCATGCCTGCAGGTCGACTCTA
GAGGATCCCCGGGTACCGAGCTCGAATTCACTGGCCGTCGTTTTACAACGT
CGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACAT
CCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCC
TTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCCTGATGCGGTATTT
TCTCCTTACGCATCTGTGCGGTATTTCACACCGCATATGGTGCACTCTCAGT
ACAATCTGTCCTGTCTGTCATGCCGCATAGTTAAGCCAGCCCCGACACCCG
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CCAACACCCGCTGACGCGCCCTGACGGGCTTGTGTGTGTGTGTGTGTGTGT
GTGTGTGTGTGTGTGTGTTGTCTGTCTGTCTGTCTGTCTGTCCTTCTTCTTCT
TCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTT??????????????????????
??????????????????CTTCTTCTTCTTCTTCTTCTTCTTATATATATATATAT
ATATATATATATATATATATATATATATATATATATATATATATATATATATAT
ATATATATATATATATATATATATCCCCGGCATCCGCATTACAGACAAGCTG
TGACCGTCTCCGGGAGCTGCATGTGTCAGAAGGTTTTCACCGTCATCACCG
AAACGCGCGAGACGAAAGGGCCTCGTGATACGCCTAll lllATAGGTTAAT
GTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATG
TGCGCGGAACCCCTATTTGGTTATTTTTCTAAATACATTCAAATATGTATCCG
CTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGA
GTATGAGTATTC
4. Clone A-12

CAAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCC
GCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTG
GGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCC
CGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCA
ACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGC
TCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCT
CACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGA
AAGAACATGTGAGCAAAAGGCACACACACACACACACACACACACACACA
CACACACACCAAACACACACACACACACACACACACACACACACACACA
CACACACACACACACACACACACACACACACACACACACACACACACAC
ACACA??????????????????????????TGTATGTATGTATGTATGTATGTA
TGTATGTATGTATGTATGTATGTAGTGTGTGTGTGTGTGTGTGTGTGTGTGT
GTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGCAAA
AGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGlllllCATAGGCTCCG
CCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAAC
CCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTG
CGCTCTCCTGTTCCGACCCTGCGCTTACCGGATACCTGTCCGCCTTTCTCC
TTNGGGAAGCGTGGCGClllllATACTACGCTGTAGTATCTANTTCGGTGTA
GGCGTCGTTCAACTGGCTGTGTGCACGAACCCCCGTCAGCCCNACGGTGG
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5. Clone A-15

Array: (CA)40 (TCCG) 3TCAA(TCCG) 2 .. ....... TCCGTTAG(TCCGh
GAATTCGAGCTCGGTACCCGGGGATCGGAGAAATGTGAGTCCTTACTTCCG
AACTTCTCCCTCGAATAACTCCTGACTTATTCATCGTAGACGCTTGAAATATT
TTGTGGGTATAGTACTAAAAAAAAGTATGTGCAAAAATAAAAATTAACCACAC
ACACACACACACACACACACACACACACACACACACACACACACACACA
CACACACACACACACACACACACACATCCGTCCGTCCGTCAATCCGTCCG
TCCATTTCCGAGCTTGTCCCGGCCGTAACTCCGGACCTATTCATCACAGACA
CTTGAAATTTTGCACGCATATAGTACAGTGAATAAGGGTGTGTCGCGTATAA
CAATATGCACTCTAGTCCGTCCATCCGTTAGTCCGTCCGTCCGll ITrCCTG
TAAATTTCTTTACCCATATCTCCGGACATATTCATCACAGACACTTGAAATTT
TGTATGCCTATAGTACTAGCCCATATGCATATGTGTGCTGTAACATTAAGCC
TCCCAATTCCGTCAGTCAGTGNGTTAGTCCGTCCGTCCGGTCATCCGAATTT
GTTGCGCCCCATAACTCCGGAACTTTTCCTCCCNAAAATTTGAAAGlllllll
GAAANATCCACNCC
6. Clone A-17

Array: (TGTA) 5 (TG) 6 .. .... ... (TGTC)11 ......... (GT)22
TTGACACCCCGTCCCGGGGACCCCTCCATACATATTTTATATTCATATAATG
TTTTATCTATAAGCCTACACTATGATAGCACAACCGATTATCCGGACTCCAG
CTTTTGGCCAGCCACTACTACCGGCCACACCAGTTATCACCACAGCCTCCA
GCTCACCTTCAGTGGCCACTTGGCCACCTTTTATTGCGAACCGCAGAATATG
GAATCCATAGGTGAGTCTCTTATTTACTCTGTATGTGGCTACGTATGTATGT
ATGTATGTATGTATGTGTGTGTGTGCAGACGATTCCTCAGTTACCGTTTGAC
CTAAGAAGCTGAAATTTGGGCACCATCTATATTAAAAAGCTAAGCTGTCTGT
GTGTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCNCCCA
CAAAATAAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT
TCGTACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGCTTGGCGT
AATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCA
CACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGA
GTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCG
GGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAG
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AGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCT
GCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGG
TAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAG
CAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGC
7. Clone A-18

Array: (ATT) 5

.• •••. •••

(ATMGT) 54 • •••••••• (TGTC)8 (GT) 5 (CAC)4 (GT) 39

TCGAGCTCGGTCCCGGGGATCCAACTCNTGAACAATCTACGTACTCCTACA
ACTGGTATTGTAATGTGTACGTCCGCAGGGGTTGGGGGTGGGCAAGGGAG
CGCTTGCTCCCCTTTGAAAATTCTGATTAGTAGATTTTACTATTATTATTATTA
TTGTTATTATTGATATTGCGAACCGCAGAATATGGAATCCATAGGTGAGTCT
Clllll IGCTCTGTATATATGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT
GTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG
TGTGTGTGTGTGTGTGTGTGTGTGTGCTGCCTGCAGGTCGACTCTAGAGGA
TCTGGCTCCGTTAAAAAGTTGCGCACACACATGCGCTTAAAATGCGAGTAAA
AATAAACTGAAAGAAAAGAAAATTTTGCGCACATACATAAATAATATGATGTC
CAAGTTTCAGCATCCTAGGTCAAAGGGTAACTGAGAAAACCAAAGAAATTTT
GTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCGTGTGTGTGTCACCACCACC
ACGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG
TGTGTGTGTGTGTGTGTGTGTGTGTGTGTTCTGTCGTTTGAAATTCATTGGC
AACTCAAGACATTTCAGCGATTGTGCACACGCATGCGCACACGCATGCACC
CGGTAGAATTTTGTTTCTATATTCGGAGTAACCCAACGACACCGAAAGTTTTT
GCTCTGTATGAAAATTTCTGTATCTGGCTCCGTTAAAAAGTTGAAAATCGTG
GCATGCACTTAAAATGTGCTTAAAATGCGCTTAAAATGCGTTTAAAAATAAAA
CAAAAAATATCCCI I II ICGACAACC
8. Clone A-20

Array: (CA) 5TACATGCACATA(CA) 5TACATGCACATATG(CA)5
(GACA) 6 (CA)7

• • • • • . •• •

GATCGCCANCTTGCTGCCTGCAGGTCGACTCTAGAGGATCACCAATTGCAT
TGAAACACGCATACATGCACATGCACACACACATACATGCACATACACACA
CACATACATGCACATATGCACACACACACCACCTATTTTGTGTGACAGACA
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GACAGACAGACAGACACACACACACACAGTTTAGCCTTTTAATATAGATAT
ATTCGAACTAAATCGACCATAAGGAACAI II I IGTTCTTTATGAACATGTCTG
TATCTGGCTCCGTTAAAAAGTTGCGCACGCGCATGTGCTTAAAATGCGCGT
AAAAATAAACTGAAAGAAAAGGAGATTTTGCGCACATACATAAATAGCATGA
TGTCCAAGTTTCAGCATCCTAAGTCAAAGGGTAACTGAGAAAACCAAGGAAC
TTGTTTGAAAATCCTTGGCAACTCTATACATTTCAGAGAATGTGCGCGCGCA
TGCGCACACGCACGCACTTGGTAAA I I I I I I I ICCATATTCGGAGTAACCTA
ACGCCAACGAAACI I I llGTTCTCTATGAAAATTTCTGTATCTGGCTCCGTTA
AAAAGTTGAAAATCATGACATGCGCTTAAAATGCGCTTAAAATAGGTTTAAAA
AAACCTAAAAAATAGTTTTTTTCGCATTTAAATTTNAGTACTAAGCAAATCAAN
9. Clone A-23

Array: (CG)s(CA) 30(CCCACA) 6
GACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCC
CCTTTCGCCAGCTGGCGTAATAGCGAANAGGCCCGCACCGATCGCCCTTCC
CAACAGTTGCGCAGCCTGAATGGCGAATGGCGCCTGATGCGGTATTTTCTC
CTTACGCATCTGTGCGGTATTTCACACCGCATATGGTGCACTCTCAGTACAA
TCTGCTCTGATGCCGCATAGCGCGCGCGCGCACACACACACACACACACA
CACACACACACACACACACACACACACACACACACACACACCCACACCC
ACACCCACACCCACACCCACACCCACATTAAGCCAGCCCCGACACCCGCC
AACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTT
ACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCANAGGTTTTCAC
CGTCATACCGAAACGCGCGAGACNAAAGGGCCTCGTGATACGCCTATTTTT
ATAGGTTAATGTCATGATAATAATGGTTTCTTAAACGTCAGGTGGCACTTTTC
GGGGAAATGTGCGCGG
10. Clone A-26

Array: (TGTA)6 (GT) 4

••••• •• ••

(GTG) 14CGCACAAAATA(GT) 24+

TAATCGACCTCTGTACCCGGGGATCCCTCACATACATATTTTATATTCATATA
ATGTTTTATCTATAAGCCTACACTATGATAGCACAACCGATTATCCGGACTC
CAGCTTTTGGCCAGCCACTACTACCGGCCACACCAGTTATCACCACAGCCT
CCAGCTCACCTTCAGTGGCCACTTGGCCACCTTTTATTGCGAACCGCAGAA
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TATGGAATCCATAGGTGAGTCTCTTATTTACTCTGTATGTGGCTACGTATGTA
TGTATGTATGTATGTATGTAGTGTGTGTGTCCAGACGATTCCTCAGTTACCG
TTTGACCTAGGAAGCTGAAATTTGGGCACCATCTATATTAAAAAGCTAAGCT
GTGGTGGTGGTGGTGGTGGTGGTGGTGGTGGTGGTGGTGGTGCGCACAAA
ATAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT?
??????????????????????????????????????????????????????????
?????????????
11. Clone A-27

Array: (TATG)s(GT) 5 (CTGT) 2 (GT) 3 (CTGT) 10 • ••• • •••• (GT) 26+
ATCGNCTTGTACCCGGGGATCCCTCACATACATATTTTATATTCATATAATGT
TTTATCTATAAGCCTACACTATGATAGCACAACCGATTATCCGGACTCCAGC
TTTTGGCCAGCCACTACTACCGGCCACACCAGTTATCACCACAGCCTCCAG
CTCACCTTCAGTGGCCACTTGGCCACCTTTTATTGCGAACCGCAGAATATGG
AATCCATAGGTGAGTCTCTTATTTACTCTGTATGTGGCTACGTATGTATGTAT
GTATGTATGTATGTGTGTGTGTCCAGACGATTCCTCAGTTACCGTTTGACCT
AAGAAGCTGAAATTTGGGCACCATCTATATTAAAAAGCTAAGCTGTCTGTGT
GTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCACACAAA
ATAAGTGGGGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT
GTGTGTGTGTGT?????????????????????????????????????????????
??????????????????????????
12. Clone A-29

Array: (CA) 4TACATGCACATA(CA) 5 •. • • .• •. . (CA)6

. •.•• .. .•

(GACA)6 (CA)7

TTNNACGCCGTTNGATGCCCCGGTCGACTCTAGAGGATCACCNTTGCATTG
AAACACGCATACATGCACATGCACACACACATACATGCACATACACACACA
CATACATGCACATATGCACACACACACACACCTATTTTGTGTGACAGACAG
ACAGACAGACAGACACACACACACACAGTTTAGCCTTTTAATATAGATATA
TTCGAACTAAATCGACCATAAGGAACAI I I I IGTTCTTTATGAACATGTCTGT
ATCTGGCTCCGTTAAAAAGTTGCGCACGCGCATGTGCTTAAAATGCGCGTA
AAAATAAACTGAAAGAAANGGAGATTTTGCGCACATACATAAATAGCATGAT
GTCCAAGTTTCAGCATCCTAAGTCAAAGGGTAACTGAGAAAACCAAGGAACT
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TGTTTGAAAATCCTTGGCAACTCTATACATTTCAGAGAATGTGCGCGCGCAT
GCGCACACGCACGCACTTGGGTAAAlll lllllCCATATTCGGAGTAACCTA
ACGCCAACGAAACI I I I IGTTCTCTATGAAAATTTCTGTATCTGGCTCCGTTA
AAAAGTTGAAAATCATGACATGCGCTTAAAATGCGCTTAAAAATAGGGTTTA
AAAAAACCTTAAAAAATAGI I lllllCGCATTTAAATTTATAGTACTAGCAAAT
CAAGCGGGCTTTGCATGCTTTTGAAGTTTCTAACCCTGCCGGGGCATGTTTT
GATNGCCCCTAAACACACAAANTGG
13. Clone A-31

Array: (GT) 10 ..... ... . (TGTA) 6TGTT(TGTA)7
AACTCGGTACCCGGGGATCCAGTTTGTCTCTGGCCTTCTCCTTACAAGGGC
ACACATGCTTACACATTGTGATGI I II ICTCTGGTTATATTCAACATAAI I I II
TTTGGTGGGTTATAGCCATGCTGCCCAGCCTCTCTTGCAAAATATCCTTGAG
AATAGAGAClllllGATGGAGAGAGGCTCGTCCCTCTTGTTTACCTGTGTGT
GTGTGTGTGTGTGACGAAAGGAGGAATGAAGGGTGAGGGCGGGTAGAAAA
ACGTTTGTCATGTTTCCCTTTGCGCTTGCTTGTCTCCCAGTGTGCCAACATA
TCTGTCTGTAAGACCTTATTTCCGI II II IATTATTTCAATTCTTAACAGGTAT
Cll I llGTTTGTTTTCTTGTATGTATGTATGTATGTATGTATGTTTGTATGTAT
GTATGTATGTATGTATGTAGTAACGGCATGAGAAGGCACTTGGATTATCCTG
AACTTGAAGAATGGCGGTTGGTCACGTTTACATATTTGGACTTCAAAGGCAG
AGAGCATTTTCTTCCTATTTTGGTGGTGTGGGACTGTAGGGTATCATCCCCT
AACTCTCTCTATGTACTATTGGTTGAGGATATTTATTAAGACTCTCCTAAACC
GATTTAACCTGCTATTATAGACTTCACACATACTAGTTTACAGCCCGTTACTG
ATAAGGGGTAGTAGGCTTATTGTAGAAGCGCATATATGGACTTAAGGCCTAA
TACTTATAACCAAATTTCTAAACTTTCTTGGTTCTCTCCGTCTTTCGACTTGN
ATCTGACTCGTCTCATATGTTNGGCT
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APPENDIX5
Microsatellite Data from A. curtirostris Populations

Locus Acu1
Oahu
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC
JRSAC

101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

190
180
192
190
254
196
190
192
190
190
196
192
190
190
180
194
190
192
190
196
190
192
180
190
190
180
190
192
194
192

190
190
196
196
268
196
196
192
192
196
204
194
254
196
192
196
190
198
196
254
198
196
196
204
192
190
268
196
198
192

Locus Acu2
176
179
170
179
173
167
173
176
173
173
182
167
164
179
167
182
173
170
170
170
164
179
170
170
164
173
170
179
170
173
349

182
176
176
179
185
179
176
179
242
176
182
170
170
182
182
212
182
170
179
182
164
182
179
170
182
179
179
182
179
176

JRSAC 131
JRSAC 132
JRSAC 133
JRSAC 134
JRSAC 135
JRSAC 136
JRSAC 137
JRSAC 138
JRSAC 139
JRSAC 140
JRSAC 141
JRSAC 142
JRSAC 143
JRSAC 144
JRSAC 145
JRSAC 146
JRSAC 147
JRSAC 148
JRSAC 149
JRSAC 150
JRSAC 151
JRSAC 152
JRSAC 153
JRSAC 154

190
198
190
190
192
192
190
196
196
198
190
192
180
196
194
192
190
190
196
180
192
192
190
192

196
254
192
190
196
204
206
198
254
198
190
196
196
196
194
204
198
254
198
196
254
196
192
194

Locus Acu1
Point
Conception
JRSAC 201
JRSAC 202
JRSAC 203
JRSAC 204
JRSAC 205
JRSAC 206
JRSAC 207
JRSAC 208

190
186
186
192
198
198
196
184

192
188
200
198
200
202
202
188

164
167
173
164
164
179
170
167
173
179
164
164
179
167
170
170
164
179
173
167
164
167
164
173

167
173
173
179
167
179
179
176
179
182
173
179
182
182
179
173
173
179
173
176
167
167
179
179

Locus Acu2

185
167
179
200
176
191
188
179
350

200
182
185
200
182
200
191
188

JRSAC 209
JRSAC 210
JRSAC 211
JRSAC 212
JRSAC 213
JRSAC 214
JRSAC 215
JRSAC 216
JRSAC 217
JRSAC 218
JRSAC 219
JRSAC 220
JRSAC 221
JRSAC 222
JRSAC 223
JRSAC 224
JRSAC 225
JRSAC 226
JRSAC 227
JRSAC 228
JRSAC 229
JRSAC 230

San Clemente
Basin
JRSAC 301
JRSAC 302
JRSAC 303
JRSAC 304
JRSAC 305
JRSAC 306
JRSAC 307
JRSAC 308
JRSAC 309
JRSAC 310

188
188
200
196
186
198
192
186
186
188
186
186
186
188
184
200
180
184
186
200
184
198

192
188
202
200
192
202
198
190
188
190
200
202
188
202
186
202
192
188
186
200
202
202

191
185
182
185
188
191
200
179
197
185
179
182
179
185
191
188
185
188
176
179
182
188

191
200
185
191
200
206
200
191
200
185
200
188
200
200
203
200
188
191
182
200
200
200

Locus Acu1

Locus Acu2

186
198
196
192
192
188
200
186
186
188

185
188
179
200
185
179
176
182
179
179

190
200
210
198
234
200
202
200
188
190

351

200
188
200
206
196
185
179
185
185
200

JRSAC 311
JRSAC 312
JRSAC 313
JRSAC 314
JRSAC 315
JRSAC 316
JRSAC 317
JRSAC 318
JRSAC 319
JRSAC 320
JRSAC 321
JRSAC 322
JRSAC 323
JRSAC 324
JRSAC 325
JRSAC 326
JRSAC 327
JRSAC 328
JRSAC 329
JRSAC 330
JRSAC 331
JRSAC 332
JRSAC 333
JRSAC 334
JRSAC 335
JRSAC 336
JRSAC 337

200
186
190
188
186
188
190
192
196
192
190
186
188
188
188
196
196
190
190
186
188
200
190
190
188
186
190

200
186
192
192
188
204
192
198
202
210
200
202
198
200
190
202
200
198
202
188
190
210
192
234
190
190
200

185
176
185
197
179
185
176
182
185
179
179
197
185
179
179
188
188
179
173
176
179
200
185
191
182
179
176

352

185
182
191
200
200
206
206
200
188
182
200
200
188
185
200
200
191
206
200
185
197
200
188
200
188
188
179

